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ABSTRACT Pronounced effect of under layers on the squareness and slope T of the 
perpendicular loops of very thin CoCr films was observed. Experimental and theoretical 
studies suggest that, depending on the film microstructure, there are two origins on the 
anomalous shearing of perpendicular loops of Cc-based perpendicular films: the colwnnar 
shape anisotropy and the wall-motion-like magnetization reversal process. For films with 
larger intercolwnnar separation, the contribution of the columnar shape anisotropy to the 
total demagnetizing factor is mainly responsible for the deshearing ofthe loops. For contin-
uous perpendicular films, the intergranular exchange coupling controls the magnetization 
reversal process and the wall-motion-like reversal explains the anomalous shearing of the 
hysteresis loop. The square and desheared perpendicular loops of very thin CoCr films 
originated from their strong perpendicular anisotropy and large intergranular nonmagnetic 
separation. 
Study of the orientation relationship between the Co-based films and their underlayers 
suggested that the texture of the very thin CoCr and CoCrTa films is determined by 
the thermodynamic nature of hcp Co crystal itself and the nature of the underlayers or 
substrates on which it grows. Amorphous underlayers provide "neutral" substrate surfaces 
for. the [0002] self-oriented growth of hcp Co-based films. Hcp Ti and [111] textural fee 
Pt, Au underlayers favour the [0002] oriented epitaxial growth. [100] or [110] textural bee 
Cr underlayers favour the [1010] oriented growth. 
The perpendicular coercivity of a Co-based medium is determined by its crystalline 
anisotropy and intergranular exchange coupling, and can be largely affected by the mor-
phology of its underlayers. The larger perpendicular coercivity of the CoCrTa films on 
Ti underlayers was mainly due to the large grain diameter which results in a reduction 
in the intergranular exchange coupling constant. The difference between the surface and 
bulk coercivity of the CoCrTa films on Ti under layers was attributed to the improvement 
of the crystallographic orientation of the hcp Co crystals and the development of large 
grains as the film grows ~hicker, which causes the reduction in the surface intergranular 
exchange coupling due to1 large gra.i:O:s as well as large intergranwar separation. 
Co84Nb12Fe4 amorphous films were investigated as b~ck-lay~rs for double layer media. 
Very low coercivity down to 0.0125 Oe was achieved for-tipru: of 10000 A-thick with a 
saturation magnetic induction of 11 kG. The thiclgtess depend.ence of coercivity follows 
the Nee! formula for films thicker than 400 A. ; . · -·. 
A Dso density of 160 KFRPI was achieved for the 2000 A-t~ck medium on Pt under-
layers using MIG heads of gap length 0.15 p.m. Experimental and theoretical analyses of 
the read/write processes show both the achieved D~o d~nsity and the reproduced output 
level for these media were heaii" field and head-medium spacing limited. Lower medium 
noise and higher SNR were achieved by the media with Ti underlayers, which supports 
the intergranular exchange coupling noise theory. 
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Introduction 
The magnetic recording technology has been developing very fast towards the higher 
density, larger capacity, higher data access rate, smaller volume and lower costs. The 
introduction of thin film technology for the fabrication of thin-film media and heads 
in the recent years made the increase of the areal density into the 1 gigabit/in2 
regime possible [1, 2, 3] by the conventional longitudinal magnetic recording tech-
nology. However, in the longitudinal recording the minimum recording transition 
length( l,.,.;n) of a recording medium is always limited by the self-demagnetization in 
the recording transition and a self-demagnetization dominated minimum transition 
length [5] is given by, 
I . - 21rM,5 
'nun- H , 
e 
(0.1) 
where M, is the remanent magnetization, 5 is the film thickness and He is the 
coercivity of the recording medium. In order to achieve high density(small /,.,.;n ), 
a recording medium must have small thickness (5 ), low remanent magnetization 
(M,) and high coercivity (He)· But, the small 5 and low M, will lead to a small 
playback signal and therefore degrade the signal-to-noise performance against head 
and electronics noise. This is shown by equation 0.2 [4]. 
V. _ 4NqWv5M,t _1 [ g ] peak - an (d ) ' 1rg 2 +a (0.2) 
1 
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where N is the number of turns of the reproducing head, 1f is the head efficiency, 
W is the track width, v is the head-to-media velocity, g is the head gap, d is the 
head-medium spacing and a is the transition parameter. 
In the gigabit/in2 longitudinal recording system, a desired signal-to-noise ratio 
was achieved by the use of high He media with thick(1000A) Cr underlayers [1, 6, 7]. 
The typical values of the medium parameters are as follows [1, 2]: 
5 = 230 A, He= 1.1 ""'2.0 kOe and M~o = 0.7 x 10-3 emu/cm2. 
A further increase in the recording density means a further reduction of the 
film thickness and remanent magnetization or a further increase of the coercivity 
of the recording media. The further smaller thickness and remanent magnetization 
will certainly cause degrading of the signal-to-noise ratio. Additionally, there would 
be concerns about the integrity of a film if the thickness is further reduced [5]. 
The increase of the coercivity of the recording media is limited by the saturation 
magnetization of the head materials. All these limit the further breakthrough of the 
recording density in the conventional longitudinal recording technology. 
Following the historic paper given by Iwasaki and Nakamura on circular mode 
magnetization [8], numerous researchers have been involved in a new recording tech-
nology, perpendicular recording. One of the major advantages of such a recording 
mode over the conventional longitudinal recording is that the demagnetizing field 
at the recording transition is zero [9], which is essentially suitable for high density 
recording. The ultimate areal density of perpendicular recording, as predicted by 
Y. Nakamura recently [17], would be 1 Gbits/mm2 . 
The project was proposed to meet such a technical challenge. The aim of this 
. work was to develop desired perpendicular recording media for very high density 
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perpendicular recording computer disks, and to make a comprehensive understand-
ing of the correlation of film microstructure, magnetic properties and recording 
performance. 
Following the introduction, chapter 1 covers the fundamental theories of mag-
netism, magnetic recording and thin film growth process, which are important to 
this work. 
Chapter 2 gives the experimental techniques for thin film deposition, magnetic 
measurement, microstructural examination, magnetic domain observation, film com-
position analysis and thermal stability analysis. 
Chapter 3 presents the detailed results and discussions of this investigation. It 
contains three major parts: 
( 1) the effect of underlayers on the magnetic properties, microstructure and crys-
tallographic orientation of Co-based perpendicular media. The following major is-
sues were investigated in this part: the origin of underlayer effect on orientation, 
the anomalous shearing of perpendicular loops, the square perpendicular loops, the 
perpendicular coercivity and the difference of surface and bulk coercivity. 
(2} study of amorphous CoNbFe soft magnetic backlayer for double-layered disks; 
(3} experimental and theoretical analysis of the read/write process, bit density 
response and medium noise of single-layer media and their correlation with the film 
microstructure and magnetic properties. 
The final chapter draws conclusions based on the results of the project and 
presents proposals for the possible future work of the perpendicular recording media. 
The cgs-emu system of units is used in this thesis. 
Chapter 1 
Background to the investigation 
1.1 Principles of magnetics 
1.1.1 Magnetic field parameters 
The magnetization M 
Magnetization is a property which arises from the motion of electrons within atoms. 
Depending on its electronic structure, an atom may or may not have an atomic 
magnetic moment. The spontaneous magnetization in magnetic materials, accord-
ing to Weiss's molecular field theory [19] and Heisenberg [18] quantum mechanical 
exchange theory, originates from the exchange interaction between the spin electrons 
of the neighbouring atoms, which produces an internal quantum mechanical force 
by which the individual atomic moments are aligned into a parallel or anti-parallel 
state, known as magnetic ordering. 
Magnetic materials can be classified as ferromagnet, anti-ferromagnet and fer-
rimagnet according to their magnetic ordering. For thin-film magnetic recording 
media, we are mainly concerned with ferromagnet in which the neighbour atomic 
4 
1.1. PRINCIPLES OF MAGNETICS 5 
moments everywhere within a magnetic domain have a parallel magnetic ordering. 
The magnetization vector M of magnetic material is defined as the vector sum 
of the atomic moments per unit volume: 
1 N 
M = V :~::.>.;, 
i=l 
(1.1) 
where V is the volume of the magnetic material, I' is the atomic magnetic moment, 
N is the number of atomic moments in volume V. The unit of M in the cgs-emu 
unit system is emu/cm3. 
In a large applied field, the magnetization at all parts of a ferromagnet is parallel. 
In the absence of magnetic field, only the magnetization within a domain is parallel 
and uniform and a ferromagnetic specimen as a whole may exhibit no magnetiza-
tion because of the random orientation of the domain magnetization. The value of 
magnetization of a single domain is called the spontaneous magnetization, or the 
saturation magnetization, M,. 
Saturation magnetization M, of a magnetic material depends on the temperature, 
being a maximum at absolute zero and vanishing at a critical temperature Tc, called 
Curie temperature. 
Magnetic field intensity H 
The magnetic field intensity vector His defined as the force the magnetic pole exerts 
on a unit positive pole [20]. There are two contributing sources of magnetic field: 
electric current I and magnetic poles or magnetic charges p. 
The magnetic field produced by electric current I passing through a conductor l 
obeys Ampere's law: 
(1.2) 
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The magnetic field produced by magnetic poles is given by [21], 
H = f pr dV, 
lv /r/ 3 (1.3) 
where r is a position unit vector, V is the volume of the magnetic material and pis 
the magnetic pole density which is defined as the divergence of magnetization M, 
p =V ·M. (1.4) 
Equations 1.4 and 1.3 are very useful in the computation of demagnetizing field of 
recording transition, medium noise and head field distribution. 
Magnetic induction B 
The magnetic flux density or magnetic induction vector B is defined as, 
B = H+41rM, (1.5) 
where the unit of B is gauss( G); H, oersteds(Oe); and M, emu/cm3 ; or 47rM, gauss 
in the cgs-emu unit system. The forms of equation correlating these parameters 
differ in different system of units. 
1.1.2 Hysteresis properties 
If a magnetic specimen is cycled by an alternating magnetic field sufficiently strong 
to saturate the specimen, we get a major hysteresis loop as shown in figure 1.1. 
The magnetic recording performance of a medium is closely related to the shape of 
the loop and various magnetic parameters of interest in magnetic recording, such 
as coercivity He, remanence coercivity H.,., remanent magnetization Mr, saturation 
magnetization M, and remanence squareness S, are defined at various points of a 
loop, as also shown in figure 1.1. 
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Figure 1.1: Hysteresis loop showing magnetic parameters. 
For digital magnetic recording media, an open and rectangular loop is always 
desirable in order to get a sharp switching between the two discrete magnetization 
states. Such properties are frequently described in terms of remanence square-
ness(S), switching field distribution(SFD) and coercivity squareness s•. The SFD 
measures the narrowness of the range over which the domain magnetization reverses 
or switches as a function of applied field H. It is defined as the half-amplitude width, 
!:J.H50 , when normalised by He, of the derivative dM/dH of a hysteresis loop centred 
about He and is given by: [21] 
or alternatively by: 
SFD = !l.Hso 
He 1 
(1.6) 
(1.7) 
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The s• is another commonly used term to characterize the distribution of switch-
ing field and is defined for a hysteresis loop such that at H = - He, 
dM Mr 
= -:-:-(1---:::S--:-•)H-=-=-c · dH (1.8} 
A value of s• close to unity is desirable for a sharp switching. However, it 
had been reported that a high s· medium exhibits strong intergranular exchange 
coupling and high medium noise [6]. 
Apart from the above hysteresis properties defined by the ma~or loop, the rema-
nence curves are recently being used to characterize the intergranular interaction of 
the longitudinal recording media [25, 23, 24, 26]. As shown in figure 1.2(a), when 
a positive field H1 is applied to an initially ac demagnetized ferromagnet and then 
removed, we get a remanence value of MP( Hi). For a larger field H; we get Mp(H;). 
If the process is progressively repeated until the saturation is reached, we can plot 
a curve of MP as a function of applied field H. Such a curve is called isothermal 
remanent magnetization curve, or M.( H) curve. 
Similarly, we get a de demagnetization remanent magnetization curve Md(H), 
as shown in figure 1.2(b), by reversing a field to -H; from the positive de saturation 
state, with the remanent magnetization Md( H;) recorded as a function of reversing 
field until negative saturation has been reached. 
The M.( H) and Md(H) curves can be used to characterize the nature of inter-
particle or intergranular interactions for recording media [23, 24, 25, 26]. According 
to Wohlfarth [27], the MP (H) curve of a single domain particle or non interaction 
particles obeys the following relation with its corresponding Md( H) curve, 
(1.9) 
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Figure 1.2: Schematic illustration for the measurement of M,(H) and Md(H) curves. 
Henkel [28] investigated the nature of particle interactions by plotting Md(H) 
versus M.( H) and suggested that the particle interactions could be characterized 
by a parameter ~M, which is the deviation from the the Wohlfarth relation and is 
given by, 
~M= Md(H)- (1- 2M,(H)). (1.10) 
Positive values of ~M are interpreted as a result of stabilizing interactions. Con-
versely, negative values of ~M are due to destabilizing interactions [23]. Specifically, 
a positive value of ~M indicates the existence of the intergranular exchange inter-
action and a negative value of ~M indicates week or no intergranular exchange 
interaction, as predicted by Beardsley and Zhu from their computer simulation [26]. 
However, it is very difficult to apply such a measurement to the perpendicular record-
ing media because of the unpredictable shearing of the perpendicular loops. 
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1.1.3 Energy terms in ferromagnet 
The study of energy interaction in ferromagnets forms the basis of ferromagnetism. 
The theoretical calculation of domain configuration, magnetization process and mag-
netization reversal process of ferromagnets and the computer simulation of medium 
noise of the recording media [6, 22] are of typical samples of such applications. 
There exist different kinds of energies in a thin film recording medium, such as 
exchange energy Ee:r:c, magnetocrystalline anisotropy energy Ecr11 , magnetoelastic 
energy E.ta., magnetostatic energy E.ta. and intergranular interaction energy Eant· 
The total energy E 101 in a medium is, therefore, the sum of these various energies 
as given by, 
(1.11) 
A stable magnetization distribution of a specimen is a state in which the sum of 
various energies Eeot is minimised. The following discussion outlines the main energy 
terms of interest in magnetic recording medium. 
(a) Exchange energy 
The spontaneous magnetization of magnetic materials, as discussed previously, origi-
nates from the exchange interaction of the neighbouring electron spin moments. The 
exchange energy of spin moments of neighbouring atoms is given by: 
Ee:r:c = -2 2.: A;jSi-Sj, 
i<i 
(1.12) 
where S; and Si are the atomic spin moments of neighbouring atoms and A;j is the 
exchange integral of neighbouring atoms. 
Thin film recording medium is composed of closely packed columns or grams. 
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The exchange interaction in a film may differ in respect to the position of interest. 
Within each grain the exchange interaction is normally assumed to be uniform and 
therefore A;;= A, S; = S; = S, and equation 1.12 can be written by: 
Eczc = -252 A L cos~;;, 
i<i 
where ~;; is the angle between the neighbour atomic spin moments. 
(1.13) 
The exchange interaction between grains, or in the grain boundaries, however, 
will depend on the intergranular boundary conditions, such as intergranular non-
magnetic separation, surface defects, etc.. The intergranular exchange interaction 
energy will be further discussed later in this section. 
(b) Magneto crystalline anisotropy energy 
In single crystal ferromagnets the orientation of atomic moments in every domain 
are strongly crystallographic directional dependent. In cobalt, for example, which 
has a hexagonal close packed (hcp) structure, the domain magnetic moments align 
parallel to the c-axis, or the [0001] axis. It is very much easier to magnetize a single 
crystal Co to saturation along the [0001] axis or easy axis than along the [1010] 
axis or hard axis. This phenomenon is known as magnetocrystalline anisotropy. 
The magnetocrystalline anisotropy energy E,..11 is defined as the energy required to 
magnetize a single crystal sample to saturation along a specific axis: 
{M' 
E,..11 = Jo H dM (1.14) 
In practice, the magnetocrystalline anisotropy energy is measured in terms of 
anisotropy energy constant K, which is a relative energy required, in ergs/ cm3 , to 
rotate the magnetic moment from the easy direction to hard direction. For hcp Co, 
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it is defined by: 
1 loM, loM, K=-( HdM- HdM. 
V o[1o1o1 o[ooo1] 
(1.15) 
Considering the symmetry of crystals, the uniaxial magnetocrystalline anisotropy 
energy is expressed mathematically in a series of powers of sin8, where 8 is the angle 
between the magnetization vector and the [0001] axis, 
(1.16) 
EK is the magnetocrystalline anisotropy energy density (ergs/ cm3 ), K 1 , K 2 and · · ·, 
are the anisotropy constants (ergs/ cm3 ). Usually the first term (Kt) is sufficient 
to express the actual anisotropy energy. For the single hcp Co crystal at room 
temperature K 1 = 4.12 x 106 ergs/cm3 . 
The perpendicular recording .medium is normally a Co-based hcp polycrystalline 
thin film. The total magnetocrystalline anisotropy constant of the film is a vector 
sum of that of all the individual hcp crystals. It is therefore very important to have 
a strong perpendicular c-axis orientation of all the crystals in the film in order to 
get a large perpendicular magnetocrystalline anisotropy constant, or in other words, 
to have a strong perpendicular anisotropy film. 
(c) Magnetoelastic energy 
The magnetocrystalline anisotropy energy discussed above is based on perfect sin-
gle crystal. In reality, ferromagnetic crystals are subject to changes in dimension 
caused by the spontaneous magnetization or by stress in the specimen, which will 
in turn cause a change in the magnetocrystalline anisotropy energy in ferromagnets. 
Anisotropy caused by stress is called stress induced anisotropy. The magnetoelastic 
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energy E.t,. is introduced to account for such a change in anisotropy associated with 
the change in dimension of ferromagnets and, for the simplest case in which the 
magnetostriction is isotropic, is given by: 
(1.17) 
where er is the stress in the ferromagnet, ~. is the saturation magnetostriction co-
efficient, and 8 is the angle between the stress u and the saturation magnetization 
M •. 
(d) Magnetostatic energy 
The magnetostatic energy, which include external field energy EH and demagnetiza-
tion energy Ed, is due to the interaction between the ferromagnet and the magnetic 
field. 
(1} External field energy EH 
For a given ferromagnet with magnetization M in an applied field H, the external 
applied field energy is given by: 
EH= -M·H = -M.Hcos8, ( 1.18) 
where e is the angle between M and H. EH is a minimum when e = 0°, and 
maximum when e = 180°. EH = 0 when applied field H = 0. The external applied 
field energy is sometimes called Zeeman energy. 
{2} Demagnetizing energy Ed 
When a ferromagnet is magnetized in an external field H, it generates an internal 
field opposing the magnetization of the ferromagnet because of the magnetic charges 
arising from the divergence of the magnetization. This field is called demagnetizing 
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field Hd. Using equation 1.3, we have, 
I pr Hd(r) = - "j;jidV. {1.19) 
Equation 1.19 is useful in the calculation of demagnetizing field distribution in the 
recording transition. 
If a ferromagnet is uniformly magnetized, the algebraic form of Hd is given by: 
Hd = -NM, ( 1.20) 
where N is the demagnetizing coefficient taking values from 0 to 471" (from 0 to 1 in 
the standard international unit system, SI unit) depending on the shape and size of 
the specimen and the direction concerned with. For a thin-film recording medium, 
the demagnetizing coefficient within the x, y plane is 0, and along the z axis is 471" 
which causes the shearing of the perpendicular M-H loops. 
The demagnetization energy Ed measures the interaction between the ferromag-
net and the demagnetizing field Hd. It, therefore, uses similar expression as for the 
EH but in an integrated form because the demagnetizing field Hd is a function of 
magnetization M. For a ferromagnet with uniform magnetization it is given by : 
(1.21) 
For a perpendicular recording thin film the demagnetizing coefficient normal to the 
film plane is 471", we have, 
(1.22) 
The demagnetization energy Ed depends on the shape of the specimen and is 
called shape anisotropy energy. The demagnetization energy is a key factor, as 
mentioned in the Introduction, which limits the recording density of longitudinal 
magnetic recording media [8, 9]. 
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(e) Intergranular interaction energy 
One of the major differences between the thin-film recording media and the con-
ventional particulate recording media is that the grains in a thin-film medium are 
closely packed. This brings about strong interactions between grains in the thin-film 
media, which have been considered to be a major source of recording transition noise 
[7, 6, 22]. Such intergranular interactions can be described in terms of intergranu-
lar interaction energy E;n1, which includes intergranular exchange coupling energy 
E • .,c(ri) and intergranular magnetostatic interaction energy Emag(ri). 
(1} lntergranular exchange coupling energy E • .,c(ri) 
The intergranular exchange coupling energy is due to the exchange interaction 
between the neighbour magnetization of grains, which is a short range order interac-
tion energy and depends strongly on the intergranular separation and the diameter 
of the grains. For the ith grain in a film, its intergranular exchange energy with its 
nearest neighbour(n.n.) [22, 49] is given by 
(1.23} 
where r; is the position vector, A• is the effective intergranular exchange energy 
constant (for a fully exchange coupled films A• = A}, M is the mean magnetization 
of the sample, D is the grain diameter , M; and M; are the magnetization of the 
ith and jth grains and the summation is over the nearest-neighbor grains. 
(2} Intergranular magnetostatic interaction energy Ema9 (r;) 
The intergranular magnetostatic interaction energy is due to the magnetostatic 
interaction between grains in a film. Such an interaction is a function of magnetic 
pole density (p =- V · M). For the ith grain in a film, the magnetostatic interaction 
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energy is, 
( 1.24) 
For a film with a given magnetization, the intergranular magnetostatic interac-
tion energy is a function of ~, and 1i [49], where 5 is the film thickness, d is the 
intergranular non-magnetic separation and D is the grain diameter. 
1.1.4 Magnetization reversal in thin films 
It is important to study the magnetization reversal mechanism in order to under-
stand the physics of magnetic recording process. Extensive experimental [31, 32, 33] 
and theoretical [22] studies had been undertaken in recent years on this subject. 
The magnetization reversal process of the recording media can be classified as 
domain wall motion and magnetization rotation mechanism. Wall motion reversal 
process normally happens in a magnetically continuous film, which often gives rise 
to a small coercivity and is not a desired reversal process for recording media. The 
rotation reversal process is typical to a single-domain particle or particulate media 
where no domain wall exists or domain wall motion is prohibited by the non-magnetic 
separation or grain boundaries. Rotation reversal process often gives rise to high 
coercivity. 
Stoner-Wohlfarth coherent rotation [29] and curling [30] are the two classical 
rotation magnetization reversal models for an isolated cylindrical particle, of which 
Stoner-Wohlfarth coherent rotation is the simplest case where only the magneto-
crystalline anisotropy energy and external field energy terms were considered. The 
curling or incoherent rotation model considered other energy terms, such as exchange 
energy and magneto-static energy. The coercivity of an isolated particle with Stoner-
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Figure 1.3: Calculated coercivity of perpendicular anisotropy thin films with S-W particles 
(solid curve), single S-W particle (dotted curve) and single curling particle (dashed curve). 
(after Zhu and Bertram) 
Wohlfarth coherent rotation, which is approximately equal to the nucleation field, 
is given by, 
(1.25) 
and the coercivity for curling reversal is 
Hcu"l = H (l l.081rA _ NaM.) 
c le + (D/2)2 K H~c ' (1.26) 
where H1c is the crystalline anisotropy field, Na and Nb are the demagnetizing coeffi-
cients along the crystalline easy and hard axes respectively, A is the exchange energy 
constant, D is the particle diameter and K is the crystalline anisotropy constant . 
For thin film recording media, the reversal process is more complicated than an 
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isolated single domain particle. More energy terms need to be considered, especially, 
the intergranular exchange coupling energy and the intergranular magneto-static 
interaction energy. 
Numerical micromagnetic computer simulation of the magnetization reversal in 
perpendicular recording CoCr medium has been presented by Zhu and Bertram [22]. 
The model used a 2D array of hexagonal columnar particles. Each column is consid-
ered to be a single crystal with perpendicular uniaxial crystalline anisotropy. Their 
results showed that the reversal process in the film without interparticle exchange 
coupling (film consists of S-W particles) is characterized by coherent. magnetiza-
tion rotation of chain particles followed by incoherent magnetization reversal in the 
chain. Figure 1.3 shows the calculated coercivity of the perpendicular anisotropy 
films with S-W particles as a function of the particle aspect ratio 5/ D. The coerciv-
ities of an isolated particle for uniform rotation and curling are also plotted in the 
figure. It shows that the coercivity of such a film is approximately equal to the per-
pendicular crystalline anisotropy and is much less than the coercivity of the isolated 
Stoner-Wohlfarth particle and the isolated curling particle. They attributed such a 
reduction in the coercivity to the collective behaviour of the magnetization reversal 
process in the film. The collective magnetization rotation yields lower nucleation 
fields. 
By considering the intergranular exchange coupling, the reversal process would 
be different with different intergranular exchange coupling strength. The strength 
of the intergranular exchange coupling in a medium can be expressed in terms of 
intergranular exchange coupling constant c•, or intergranular exchange coupling 
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field reduced by the crystalline anisotropy field, which is defined as follows [49], 
A• 
c• = KD2' (1.27) 
where A* is the effective intergranular exchange coupling energy constant , K is the 
crystalline anisotropy constant and D is. the grain diameter. 
41TM/H~~2.5 
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-c·=o.zs 
Figure 1.4: Simulated hysteresis loops for films with different interparticle exchange cou-
pling strength. (after Zhu and Bertram) 
For a film with weak interparticle exchange coupling (C* ~ 0.1), the reversal 
process is similar to a nonexchange coupled film ( c· = 0), and its maximum perpen-
dicular coercivity will be less than its perpendicular crystalline anisotropy constant . 
In the case of strong exchange coupling, the magnetization reversal process is char-
acterized by initial coherent magnetization rotation and incoherent reversal followed 
by wall-motion-like expansion. This is because the intergranular exchange coupling 
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reduces the nucleation field of the particles at the boundaries of the reversed do-
mains. The shape of the hysteresis loops depends strongly on the strength of the 
intergranular exchange coupling of the film. The perpendicular coercivity reduces 
significantly with increase of c•. Figure 1.4 gives three simulated hysteresis loops 
for c• = 0.1, c• = 0.2 and c• = 0.25 respectively. A hysteresis loop for c• = 0 is 
shown as the dashed curve. 
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1.2 Principles of magnetic recording 
1.2.1 The fundamental processes and modes of magnetic recording 
write 
signal 
processing 
Writing 
... 
Motion 
Reading 
Read 
signal 
processing 
medium 
Figure 1.5: Schematic drawing of the fundamental magnetic recording processes. 
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The fundamental processes of magnetic recording is depicted in figure 1.5. The 
information to be stored is first encoded and converted by signal processing into the 
writing current of the recording head. When the writing current passes through the 
coil of an inductive head, it produces a magnetic field, a portion of which, fringing 
out around the gap, magnetizes the recording medium passing beneath the gap to 
form a "recorded" magnetization pattern in the medium. The information is thus 
stored in the medium and can be kept indefinitely if the media is not exposed to 
magnetic fields strong enough to magnetize the medium. 
The recorded information can be reproduced by a replay head (or the same in-
ductive head) . As shown in figure 1.5, when the replay head passes over a recorded 
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Figure 1.6: Schematic drawing of head-medium configurations of perpendicular recording. 
magnetization pattern, the surface flux from the magnetized pattern is intercepted 
by the head core, and a voltage is induced in the coil, which is, by Faraday's law, 
proportional to the rate of change of this flux. The induced voltage is then recon-
structed by signal processing into the original signal. 
The magnetization pattern can be recorded longitudinally or perpendicularly to 
the film plane depending on the recording mode used, or in other words , depend-
ing on the type of head and medium used. The combination of a ring head and a 
medium with in-plane anisotropy tends to produce a recorded magnetization which 
is predominantly longitudinal. This is known as the longitudinal recording . An 
alternative of this is the perpendicular recording [8] by which the magnetization 
is perpendicularly recorded by using the head-medium configurations as shown in 
figure 1.6. The perpendicular orientation of the recorded magnetization exhibits 
zero demagnetizing field at the recording transition which is one of the major ad-
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vantages of the perpendicular recording mode over the longitudinal recording [9]. 
The perpendicular recording can be realised simply, as shown in figure 1.6( a), by 
using the same ring type head as in the longitudinal recording, and a single-layer 
medium with perpendicular anisotropy, known as ring/single combination. With 
such a head-medium configuration, it is also possible to record the magnetization 
oriented obliquely to the film plane if the medium has an oblique anisotropy [34, 35]. 
The oblique recording exhibits weaker transition demagnetization in the medium 
and sharper oblique head field distribution and therefore better recording perfor-
mance than the longitudinal recording [34]. The genuine perpendicular recording 
head-medium configuration is the single-pole head and double-layer medium config-
uration, as shown in figure 1.6(b), known as single-pole/double combination, where 
a sharp perpendicular writing field is produced by the strong magnetic interaction 
between the single-pole head and the soft magnetic backlayer. The back layer serves 
as a magnetic path during the writing and playback processes. Other head/medium 
combinations, such as ring/double combination, was also being used [12]. 
1.2.2 Writing field of magnetic heads 
Various magnetic heads have been used for magnetic recording. The magnetic heads 
for longitudinal recording are designed to produce greater longitudinal field compo-
nent Hz and for perpendicular recording, greater perpendicular field component 
H11 • The precise calculation of the magnetic field produced by a real head is rather 
complicated and involves numerical computation[38, 39]. The most commonly used 
analytical solution for the field in front of the write-gap g of a ring head is due 
to Karlquist [36]. The longitudinal field component Hz and the perpendicular field 
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X 
Figure 1.7: Longitudinal and perpendicular components of a Karlquist head field. 
component H11 of a Karlquist head are given by equations 1.28 and 1.29 and plotted 
in figure 1. 7. 
(1.28) 
(1.29) 
where H9 is the deep gap field, x and y is the longitudinal and vertical co-ordinator 
respectively. The origin is set at the centre of the gap on the head surface. 
The maximum longitudinal component is obtained when x= O (in the central 
plane of the deep gap) and is given by, 
(1.30) 
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and the maximum perpendicular component is obtained when x=g/2 and is given 
by, 
(1.31) 
It can be seen from figure 1. 7 and equations 1.30 and 1.31 that the strength of 
the maximum head field depends strongly on the vertical distance from the head. 
The closer the medium to the head, the greater magnetic field the medium will be 
subject to. 
Karlquist equation may also apply to the single-pole head [39, 43, 8]. The x and 
y components of field produced by single-pole head are simply given by, 
(1.32) 
Hi(z,y) = H.,(z,y), ( 1.33) 
where H11(x,y) and H.,(x,y) are y and x components of ring head given by equa-
tions 1.29 and 1.28 respectively. The deep gap field H9 for single-pole head is inter-
preted as they component of field just under the pole face [43] and the gap length is 
substituted for the pole thickness T. The y component of the single-pole head field 
can be strongly enhanced by the existence of an infinite-permeability soft magnetic 
backlayer [47]. 
From equations 1.30 and 1.31 it can be seen that the writing field of a recording 
head is proportional to the deep gap field H9 • The deep gap field of a writing head 
is a function of writing current I, number of turns of the coil N, its write efficiency 
Tfw and its gap length g, and is given by, 
_ 3 NI H9 = 471" X 10 Tfw-9 
( 1.34) 
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The maximum deep gap field a head can produce is limited by the saturation 
magnetization of the head material. He.ad saturation occurs when H9 :2:: 0.5B, 
for ferrite heads and H9 :2:: 0.8B, for MIG heads [5]. This criteria together with 
equations 1.30 and 1.31 can be used to estimate the maximum writeable coercivity 
of a medium with a specific head used [5]. 
1.2.3 Theory of write process 
The write process converts an electrical signal current by the writing-head to an 
equivalent magnetization on the medium. The major target of the write process 
design in digital magnetic recording is to write data on the medium as closely as 
possible. The ideal situation for this is that the two discrete magnetization states 
in the medium exhibit a step-like reversal upon switching the direction of writing 
current. In reality, however, such a reversal is strongly affected by the head field 
gradient, properties of the medium, and, for longitudinal recording in particular, by 
the self-demagnetizing nature in the recorded transition. Such a transition region 
eventually limits the ultimate recording density. It has been a major research topic 
to relate the transition length with the recording head geometry, writing current, 
and magnetic properties of the recording medium. However, no completely satisfied 
theoretical model has yet been developed mainly because of the highly nonlinear 
nature of the write process and the complexity of the medium self-demagnetizing 
phenomenon. The most commonly used model in the digital magnetic recording is 
the Williams-Comstock model [42], and its simplified version known as Middleton-
Wright transition [43]. 
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Figure 1.8: The arctangent transition model. 
(a) Longitudinal transition 
The variation of recorded magnetization in the x direction of the transition for 
longitudinal recording medium is best described by an arctangent function , 
2 -l( X) M2' = -M,.tan - , 
7r a 
(1.35) 
where a IS the transition parameter, by which the transition length l is defined 
as l = 1ra. Figure 1.8 illustrates the arctangent transition model for longitudinal 
recording medium. 
The demagnetizing field for an arctangent transition can be calculated from the 
divergence of magnet ization by equation 1.19, (21] 
(1.36) 
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The maximum value of demagnetizing field Hd,maz occurs at x = a, 
M.5 
HdmGz = ±-2-, 1!'a ( 1.37) 
From equation 1.37 it can be seen the maximum demagnetizing field in the Ion-
gitudinal transition increases as the recording density increase. If the transition 
is self-demagnetization dominated, the minimum transition length lmin is obtained 
when He = Hd,m""'' 
(1.38) 
In Williams-Comstock model [42] the relation of the transition length with the 
head field gradient, self-demagnetizing field gradient and properties of recording 
medium is obtained by equating the differentiation of equation 1.35 with the follow-
ing function, 
dM,. _ dM (dH" + dHd) 
dz - dH dz dz ' ( 1.39) 
where the total field H is the sum of head field Hh and the self-demagnetizing field 
Hd. dM/dH is the slope of M-H loop at H = -He, as shown in equation 1.8, which 
reflects the contribution of medium parameters to the transition parameter. 
The minimum transition parameter a is calculated by the maximum head field 
gradient and maximum demagnetizing field gradient and is given by, 
M. ( 5) a= 2 -5 d+-
He 2 
( 1.40) 
The Williams-Comstock model contains a few simplifications. The real write 
process is more complicated. However, the W-C model is very useful because it 
revealed the correlation of the transition length with the head and medium parame-
ters. We can see from equations 1.38 and 1.40 that a small value of transition length 
requires a high value of He, a thin medium and a small head-medium spacing. 
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Figure 1.9: Schematic illustration for demagnetizing field distribution along the longitu-
dinal step-like transition( a) and perpendicular step-like transition(b). 
(b) Perpendicular transition 
The perpendicular recording was first proposed by lwasaki [8] from his study on tran-
sition demagnetization phenomenon in the longitudinal recording medium. One of 
the fundamental differences of the perpendicular recording from the longitudinal one 
is the distribution of the demagnetizing field in the recording transition. The demag-
netizing field in the perpendicular transition can be calculated from equations 1.3 
and 1.4 if the magnetization distribution in the transition is known. Figure 1.9 
shows the demagnetizing field distribution for a longitudinal step-like transition (a) 
and perpendicular step-like transition (b) [9]. It can be seen that the demagnetizing 
field in the perpendicular step-like transition is zero in the centre of transition and 
41l'My away from the centre whilst in the case of longitudinal step-like transition, 
the demagnetizing field is maximum in the centre of transition and zero away from 
the transition. Therefore it is possible to realise step-like transition (zero transition 
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length) in the perpendicular recording from the point of view of transition demag-
netization. The ultimate recording density for perpendicular recording would no 
longer be transition demagnetization limited. 
The demagnetizing field away from the perpendicular transition shears the per-
pendicular loop, resulting in reduced output and unstable recorded magnetization 
[39]. It is therefore important in the perpendicular recording to make the recording 
media have coercivity He high enough to cancel such a demagnetizing effect. A soft 
magnetic backlayer reduces the the surface magnetic pole of the recording medium 
and therefore allows us to use media with lower coercivity [12]. 
Middleton and Wright [43] have used the Williams-comstock model to compare 
the transition length for perpendicular and longitudinal recording and concluded 
that very narrow transition length could be realised in perpendicular recording. 
1.2.4 Theory of read process 
The read process is devoted to study the head-medium interaction relating to the 
readback voltage, signal losses and the signal waveforms. In contrast to the write 
process, the read process, or reproducing process is almost completely understood. 
This is mainly because the flux density levels are so low in the reading head that 
the process may be considered to be linear. 
The readback voltage calculation is simply based on the Faraday's law, 
d~ d~ dx d~ 
e(t) = -N- = -N-- = -Nv-dt dx dt dx' ( 1.41) 
where N is the number of turns on the reproducing head, v is the head-medium 
relative velocity in cm/sec, ~is the flux passing through the head, which is generated 
by the written magnetization in the recording medium. 
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A conventional method to calculate the head flux function was first proposed by 
Wallace [44]. The importance of Wallace's method is that it correlated successfully 
the readba~k signals with the parameters of head, medium and the recording system 
and revealed a number of important features that are characteristics of magnetic 
recording, such as spacing-loss, thickness-loss and gap-loss. 
A more general and powerful approach to the head flux function <li is the appli-
cation of the reciprocity theorem to the reading process [21, 37, 39]. The reciprocity 
theorem gives the head fl.ux function as, 
<li = j j j M(r)·H(r)d3 r, ( 1.42) 
where M(r) is the magnetization distribution function in the medium, H(r) is the 
head field function. 
If the head field function and the magnetization distribution function are known, 
the reproducing voltage and reproducing waveform can be calculated immediately 
by equations 1.42 and 1.41. 
For perpendicular recording, the readback voltage can be written by the reci-
procity theorem as, [45] 
a ld+6 f"" e(t)=K-8 dy Hy{:z:,y)·My{:z:-s,y)d:z:, S d -oo ( 1.43) 
where s = vt, Hy{ :z:, y) is the perpendicular component of the head field function, 
My( :z: - s, y) is the recorded magnetization in the medium, d is the head-medium 
spacing and 8 is the thickness of medium. 
The read back voltage expression derived from the reciprocity integral method for 
a perpendicular single-lalyer medium with sinusoidal recorded magnetization using 
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a ring head is given by [46], 
(1.44) 
where d is the head-medium spacing, ..\ is the wavelength, 6 is the thickness of the 
medium and g, the gap length of the ring head. Equation 1.44 contains spacing-loss 
function, thickness-loss function and gap-loss function which are quite similar to 
that in the longitudinal recording derived by Wallace [44]. 
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Figure 1.10: Isolated waveforms reproduced by ring head from: (a) longitudinal transition, 
(b) perpendicular transition and (c) in-between. (after Bertram) 
The reproduced waveform will strongly depend on the type of transition, the 
orientation of the recorded magnetization and the type of head used. Figure 1.10 
gives the isolated waveforms reproduced by a ring head from a perfect longitudinally 
recorded magnetization transition (a) and a perfect perpendicularly recorded mag-
netization transition (b) [49]. If the recorded magnetization is obliquely oriented, the 
reproduced waveform will be an asymmetrical di-pulse, as shown in figure l.lO(c) , 
composed of both the longitudinal and perpendicular components. The reproduced 
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Figure 1.11 : Typical frequency response curves for square-wave recording in terms of 
(a) peak-to-peak amplitude for symmetrical single-pulse waveforms, (b) peak-to-peak am-
plitude for antisymmetrical di-pulse waveforms, and (c) rms or fundamental frequency 
component. 
waveform by a single-pole/double combination has the similar shape to that of ring 
head and longitudinal medium combination, as shown in figure l.lO(a) . 
The frequency response of reproduced voltage in square wave digital recording 
is often measured in terms of peak-to-peak amplitude or in root mean square(rms). 
The peak-to-peak amplitude of the reproduced waveform at low density for a recorded 
square wave magnetization is constant. However, as the recording density increases, 
the pulses begin to overlap causing changes in the peak amplitude and peak shift 
[47, 40, 41]. For the symmetrical single-pulse waveforms, as shown in figure l.lO(a) , 
the pulse superposition or pulse crowding will give reduced output. The peak 
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voltage-frequency response curve for such waveforms is shown by curve (a) in fig-
ure 1.11. The point where this peak voltage has fallen to 50 percent is denoted 
D50 or -6dB density. Because D50 depends on the shape of the waveform, the pulse 
width of such a waveform PW50 is often used to estimate the -6dB density. The 
PW 50 depends on the properties of medium and head, and head-medium spacing. 
The smaller head-medium spacing, smaller transition length and smaller head gap 
length will give smaller PW 50 and consequently higher recording density. 
For the antisymmetrical di-pulse waveforms, which are obtained in perpendic-
ular recording with ring/single combination or ring/double combination, the pulse 
crowding will initially give a peak voltage rising before the falling starts in the 
peak voltage-frequency response curve as shown by curve (b) in figure 1.11. If the 
di-pulses are asymmetrical, the pulse crowding will cause peak shift [41]. 
The rms of a square wave function is equal to the fundamental component of 
its Fourier transfer function and its amplitude at wavenumber k (k = 2;) may be 
approximated by, [49] 
(k) _ _8 N M wc1- e-le6 -k(d+a)sin(l.l36kg/2) e - 411" x 10 v 11 o kc e k / , 
0 1.136 g 2 
( 1.45) 
where N is number of turns, 11 is the head efficiency, W is the track width and 
other symbols are the same as defined previously. Equation 1.45 is valid only for 
single-layer medium [47]. 
The frequency response curves in terms of fundamentals or rms is shown by curve 
(c) in figure 1.11. This resembles the Wallace curve for sinusoidal wave [47]. 
It had been shown from the study of write and read process that a small head-
medium spacing is always advantageous to high density recording (small transition 
length, high output and narrow reproduced waveform. This brought about the novel 
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idea of contact recording where the head-medium spacing is nearly zero [48]. 
1.2.5 Medium noise 
The overall reliability of a digital recording system is determined by its bit error 
rate. Noise causes bit shift [21] and is one of the major error sources in a peak 
detection digital recording system. There are three types of noise sources: head 
noise, electronic noise and medium noise. Here we are only concerned with the 
medium noise as ultimate limits in magnetic storage are perceived as related to the 
inherent signal to noise capability of the media [21]. 
Medium noise is classified into two categories: the additive noise which comes 
from uncorrelated sources and the multiplicative noise (modulation noise) which 
comes from correlated sources. Additive noise adds on a power (or voltage-squared) 
basis (nP2 ) because it comes from random, uncorrelated processes and is normally 
described in terms of total noise power (NP) and noise power spectrum (NPS). The 
noise power spectrum can be compared with the signal power spectrum leading 
to the narrow-band signal-to-noise ratio (SNR)n and the wide-band signal-to-noise 
ratio (SNR)w [37]. 
The noise properties are quite different between particulate media and thin film 
media, and between longitudinal media and perpendicular media [37, 21, 26]. 
Noise in particulate media had been thoroughly investigated during the 60s and 
70s [37, 50, 51, 52]. The most interesting physical interpretation for the particu-
late medium noise is due to Mallinson[37] for the wide-band signal-to-noise ratio 
expression at high bit density, 
(SNR)w = nWA!,;n 
27r 
( 1.46) 
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where n is the number of particles per unit volume, W is the track width, Amin is the 
minimum wavelength. Equation 1.46 simply states that the wide-band SNR for par-
ticulate media is equal to the number of particles in a volume of size "W~¥". 
This volume is known as effective medium volume sensed by head at any instant. 
Equation 1.46 also suggests that if the system is medium noise limited, from the 
SNR considerations, the better way to increase the areal density is to increase the 
track density rather than to increase the linear bit density. 
Noise in thin film media has been studied intensively in recent years, particularly 
for longitudinal media [7, 6, 26, 53, 56]. It had been concluded that the intergranular 
exchange coupling, which significantly enhances the size of magnetic structures and 
results in large-size domains away from saturation, is the origin of thin film medium 
noise. Large irregular magnetic domains in the recorded transition of high noise 
media have been observed by Lorentz electron microscopy [55, 56]. The noise power 
reduced by the magnetization (M) and thickness of a medium (h) is given by the 
following equation [49], 
N P 2 [ • M ( h d )] (Mh)2 = D F C 'HKg D' D . ( 1.4 7) 
where D is the grain diameter, c• is the intergranular exchange coupling constant 
as defined by equation 1.27, Q( ~, fJ) is the intergranular magnetostatic interaction 
energy function and d is the intergranular non-magnetic separation. Equation 1.4 7 
tells that, for a medium with given grain diameter, the reduction of intergranular ex-
change coupling energy constant A • will lead to the reduction of the medium noise 
power; For a medium with given thickness, zero intergranular exchange coupling 
(A* = 0) and strong crystalline anisotropy (large Hk), the noise power decreases as 
the grain diameter reduces. However, if A* is not equal to zero, or the crystalline 
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anisotropy is not strong enough, the reduction of grain diameter will lead to very 
complicated effects on the noise power because it also leads to the increase of inter-
granular exchange coupling as c• = f~. and intergranular magnetostatic coupling 
9(/5' ii ). 
There are distinct differences of the noise characteristics between longitudinal 
and perpendicular thin film media. For longitudinal thin film media, noise occurs 
mainly at the transition centres and increases with increasing recording density. In 
contrast to this, medium noise in perpendicular films occurs away from the transition 
centres and decreases with increasing recording density [26]. 
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1.3 Thin film growth models 
1.3.1 Nucleation and growth of thin films 
The film formation process is normally distinguished into the following stages: the 
transport of coating species to the surfa<;e of substrate, the condensation, nucleation 
and growth of these species on the substrate surface and finally the movement of 
coating atoms to their final position by bulk diffusion [57]. The microstructure of 
the deposited coatings may be dominated by one or more of these stages depending 
on the deposition conditions. 
The transport stage for the case of sputtering is controlled by apparatus geome-
try, working gas pressure and chamber base pressure. 
The condensation process involves the adsorption, desorption and diffusion of 
coating atoms on the surface. For the sputtering process, the probability of des-
orption of coating atoms is very low. Thus most of the sputtered atoms normally 
transfer sufficient energy to the substrate on their arrival so that they become loosely 
bonded species known as adatoms. The adatoms diffuse over the surface, exchange 
energy with the substrate atoms until they become trapped at low energy sites or 
desorbed by evaporation or sputtering. The diffusion of adatoms over the surface 
is determined by its diffusion constant which depends on the nature of the material 
and the substrate temperature. 
As the coating process proceeds, the nucleation of the film starts and the con-
densed adatoms combine to form nuclei. The film nucleation process involves the 
surface diffusion of adatoms to the low energy nucleation sites and the formation and 
growth of nuclei on the substrate surface. Thus the nucleation process will depend 
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on the adatom mobility and the adatom-substrate interaction and is controlled by 
the following three parameters (58]: Ea, the adsorption energy between the adatoms 
and the substrate which determines the adhesion between deposit and substrate; 
Ed, the surface diffusion energy required to transfer an adatom to the adjacent ad-
sorption site, which determines the mobility of adatoms; and Eb, the binding energy 
between coating atoms, which determines the cohesion between the coating atoms. 
According to the classical theory of nucleation, the following three different 
growth mechanisms may take place depending on the interaction energies between 
atoms of the deposit and atoms of the substrate (59]. 
(a) Layer growth (LG, 2D, van der Merwe) takes place if Ea (adhesion) is much 
higher than Eh (cohesion). In such a case, films grow layer-by-layer. 
(b) Island growth (IG, 3D, Volmer-Weber) takes place from the beginning of 
condensation, if Eh (cohesion) is greater than Ea (adhesion). 
(c) Straski-Krastanov growth (SK) takes place, where the nucleation starts with 
a layer growth (2D) and then develops into an island growth (3D). The SK growth 
mechanism is characterized by an interfacial energy which increases with the thick-
ness of growing layers. Such a growth mechanism is often seen in the epitaxial 
growth films (60, 61] in the presence of lattice misfit, where the elastic strain energy 
of the ML and the misfit energy of interfacial disregistry increases with the initial 
layer thickness so that the ML condition may be violated beyond a critical number 
of layers. As a consequence, a transition from 2D to 3D growth may occur. 
Figure 1.12 is the schematic drawing of the three different modes of film growth, 
where (} is the coverage in monolayers. 
The mode of the initial nucleation and the atomic arrangement in the nuclei 
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Figure 1.12: Schematic drawing of three different modes of growth: (a) Layer growth, (b) 
Stranski-Krastanov growth, (c) island growth. after Reichelt. 
will significantly influence the microstructure and crystallographic orientation of the 
over-growth films, especially for coatings deposited at low substrate temperatures. 
For the case of island growth, the initially nucleated islands grow in number as well 
as in size as the coating process proceeds until they coalesce with each other to form 
larger islands or finally a continuous film. The coalescence process of the sputter-
deposited coating is limited by the low mobility of coating atoms at low substrate 
temperature. As a result of this, a rough surface morphology forms at this very early 
growth stage which introduces an atomic shadowing effect on the arriving coating 
flux and consequently may result in a columnar growth structure of the over-growth. 
The grain size of the film will be determined by the number of initial nuclei and 
the mobility of coating atoms. If the mobility of the coating atoms is low, the high 
nucleation rate will result in a fine grain film. 
The preferred crystallographic orientation can occur m this initial nucleation 
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Figure 1.13: Microstructure zone model proposed by Thomton 
stage if the formation of such nuclei with preferred orientation decreases the free 
energy. A particular application of this is the epitaxial growth of oriented or single-
crystal films, where the crystallographic orientation of the over-growth has a strong 
relation with that of the substrate. The epitaxial growth conditions involve clean 
surfaces, nature of the substrate, modest deposition rate and elevated substrate 
temperature [58] . 
1.3.2 Microstructure zone model 
Once a continuous coating is formed , growth proceeds similarly by adatoms arriving 
and diffusing over the coating surface until they become trapped in low energy 
sites, but with the surface of the growing coating serves as substrate. The arrival 
sites of the coating species may be affected by the morphology of the local growing 
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coating surfaces and by the incident angles. This phenomenon is known as atomic 
shadowing. The incorporated atoms in the growing coating will be further adjusted 
to their final position within the lattice by bulk diffusion. 
According to Thornton [57], the adatom surface diffusion, the atomic shadow-
ing and the bulk diffusion are the three ·most important factors, one of which may 
dominate the final film microstructure depending on the substrate temperature. At 
low substrate temperatures, the bulk diffusion may not have significant effect on 
the coating microstructure. The coating microstructure is dominated by the atomic 
shadowing which depends on apparatus configuration, substrate surface morphology 
and working gas pressure. At intermediate temperatures, the atomic shadowing is 
compensated for by surface adatom diffusion. The surface diffusion will dominates. 
As the substrate temperature increase, the bulk diffusion becomes increasingly im-
portant. The bulk diffusion becomes dominant so that a coating loses all memory 
of the earlier steps in its growth. 
A classical structure zone model[58], which was proposed by Thornton to describe 
the general relationship between the microstructure of sputter-deposited coatings 
and the most prominent deposition parameters, is shown in figure 1.13. The mi-
crostructure of the sputter-deposited coatings at low substrate temperature is char-
acterized by a typical zone 1 structure which exhibits a columnar growth defined by 
voided open boundaries. The columnar growth is further enhanced by the higher 
working gas pressure. Such a columnar growth structure is a fundamental conse-
quence of atomic shadowing acting in concert with the low adatom mobility at low 
substrate temperature. As the substrate temperature increases, the microstructure 
of the coating changes gradually to zone T, zone 2 and zone 3 structure, as depicted 
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in figure 1.13, as a result of the increasing influence of surface diffusion and bulk 
diffusion. 
For the deposition of CoCr-based perpendicular recording media, a low substrate 
temperature is often used. Therefore the microstructure of the CoCr films is char-
acterized by the zone 1 columnar structure with voided column boundaries. 
Chapter 2 
Experimental techniques 
2.1 Thin film deposition by sputtering 
C<?Cr, CoCrTa films and their underlayers, CoNbFe soft magnetic backlayers and 
Carbon overcoatings investigated in this work were deposited by rf-planar diode 
sputtering or rf-planar magnetron sputtering. The schematic drawing of the rf-
planar diode sputtering apparatus used in this work is shown in figure 2.1. It consists 
of a vacuum chamber, target and substrate electrode, a vacuum pump system, an 
rf power supply and its impedance matching network. The target and substrate, 
which are connected to the rf power supply, reverse cathode-anode roles on each 
half of rf cycle. However, sputtering occurs only on the target surface because the 
voltage drops on the substrate electrode is very small due to the considerably larger 
area of the substrate electrode than the target electrode [57]. A negative potential is 
thus produced on the target surface, which servers as the sputtering potential. The 
chamber is evacuated by a diffusion pump system equipped with a liquid Nitrogen 
trap to a base pressure of below 2 x 10-7 Torr, then is backfilled with Ar gas prior 
44 
2.1. THIN FILM DEPOSITION BY SPUTTERING 
impedence 
matching network 
,....--~/ 
target 
vacuum 
pumps 
power 
supply 
Figure 2.1 : Schematic drawing of sputtering apparatus of planar diode type. 
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to sputtering. When an rf voltage is applied between the target and substrate by 
the RF power supply through a matching network, a plasma which contains Ar 
ions and electrons is produced. The Ar ions accelerated by the negative potential 
of the target bombard the target with sufficient energy resulting in the ejection of 
target materials from its surface. The substrates are placed in front of the target 
so that they intercept the flux of sputtered atoms to form coatings. At the same 
time, the electrons are accelerated towards the substrates to produce large amount 
of substrate heating. For this reason the substrates are normally water-cooled. 
The deposition rate can be significantly increased by the use of magnetron sput-
tering. In the planar magnetron sputtering, both the magnetic field B above the 
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target surface and the electric field E across the dark space act on the moving plasma 
electrons causing the drift of electrons along the EX B direction [58]. As a result of 
this, the plasma electrons are confined in the vicinity of the target surface, resulting 
in a high density electron region. The confined electrons transfer most of their en-
ergy to the plasma to produce large number of Ar ions which are then accelerated by 
the cathode potential towards the target surface to produce more sputtering. The 
highest density of electrons, according to Spencer [63], is in the region where the B 
field is parallel to the target surface. Accordingly, the maximum sputtering of the 
target will be beneath this region. The by-product of the magnetron sputtering is 
the low substrate heating because of the confinement of the plasma electrons in the 
vicinity of the target surface. 
A substrate bias can be applied during the sputtering process. This is realized 
in rf sputtering system by adding an impedance to the substrate electrode circuit 
so that the potential of this electrode relative to the plasma can be controlled for 
purpose of bias sputtering [57]. The bias sputtering provides a low energy ion 
bombardment to the growing coatings, which may increase the mobility of coating 
adatoms or remove the light element impurities from the surface of a growing coating 
[58]. 
Pure metal targets, composite targets and alloy targets were used in this study. 
A good quality target is a precondition for the deposition of films with desired prop-
erties. The heat-sintered target is cheap but useless because of its high porosity. 
Vacuum cast targets produce better quality films. Ti, Pt, Au and Cr underlayers 
were deposited by vacuum-cast pure metal targets. Carbon overcoatings were de-
posited by a graphite carbon target with purity of 99.9% and density of 1.83 g/ cm3 . 
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The CoCr films were deposited by a composite target which consists of an 8" cobalt 
plate with purity of 99.99% and pieces of lcm2 chromium uniformly arranged on 
the top of the cobalt plate to give the desired film composition. The CoNbFe films 
were also deposited by a composite target using the same cobalt plate with small 
Nb and Fe pieces on the top surface. Alloy targets were used in the later stage for 
the CoCr, CoNbFe films as well as CoCrTa films. The relation of the composition 
of the deposited films with that of target depends strongly on the sputtering yield 
of each constituent in the alloy, the sputtering power [62] and the type of sputtering 
apparatus. It is found in this study that the composition of the alloy films deposited 
by rf-planar sputtering is nearly the same as that of the alloy target. The composi-
tion of the films deposited by rf-planar magnetron sputtering may be different from 
that of the alloy target depending on the material and sputtering power used. This 
phenomenon may be explained by the effects of strong bulk diffusion in the target 
because of the high target temperature in the case of magnetron sputtering and the 
selective sputtering of surface atoms with different sputtering yield [62]. 
2.2 Magnetic measurements 
2.2.1 Vibration Sample Magnetometer 
The Vibrating Sample Magnetometer (VSM) is a commonly used instrument for the 
measurement of M-H loops, magnetization curves and remanence curves of recording 
media. Figure 2.2 is a schematic drawing of the VSM used in this work. The 
magnetic field of up to 10,000 Oe is produced by an electromagnet. The sample is 
suspended on a nonmagnetic rod, which vibrates vertically to the magnetic field at 
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Figure 2.2: Schematic drawing of a vibrating sample magnetometer 
certain frequency. When the sample vibrates, it produces an induced voltage in the 
pick-up coils which is proportional to the magnetization of the sample. 
2.2.2 Magneto-optic Kerr effect loop plotter 
There are three kinds of Kerr magneto-optic effects: longitudinal Kerr effect , trans-
verse Kerr effect and polar Kerr effect [64] . In this work a transverse Kerr effect 
system is used for the measurement of CoNbFe soft magnetic films and a polar Kerr 
effect system [64] is used for the measurement of perpendicular recording media. 
Figure 2.3 is a schematic diagram of the polar Kerr loop plotter. A 3mW He-Ne 
laser ( ~ = 6328 A) is used as a light source. An electromagnet with a bore in the 
centre of the pole is used to produce applied field up to 10,000 Oe and at the same 
time to allow the passage of the laser beam at an angle of 2° from vertical axis. 
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Figure 2.3: Schematic diagram of the polar Kerr loop plotter. (after Mahvan) 
The polar Kerr rotation is detected by two detectors and their output is fed to a 
differential amplifier by which an improved S/N ratio is achieved. 
2 .2.3 Torque magnetometer 
The uniaxial anisotropy constant Ku and the saturation magnetization M. of thin 
film recording media can be determined by means of Torque curve measurement. 
The torque curve of a specimen is correlated with the anisotropy constant and 
saturation magnetization by considering the magnetic energy equilibrium in the 
specimen. 
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Figure 2.4: Schematic diagram of the directions of H and M. and their angles respect to 
the film normal for a torque measurement. 
When a CoCr thin film specimen is suspended in a uniform field H at an angle 
<P with respect to the magnetization easy direction of the specimen, as shown in 
figure 2.4, the saturation magnetization of the specimen M 1 makes a.n angle of 8 
with the easy a.xis. The torque experienced by a. specimen with volume V is, 
L = VM, xH =V M.H sin(8- <P) (2.1) 
The magnetic energy in the specimen is given by, 
E =Eh+ E~e = -VM.Hcos(8- </J) + KVsin28, (2.2) 
where Eh is the applied field energy, E1e is the a.nisotropy energy and K is the effective 
a.nisotropy constant which is defined as 
(2.3) 
where Ku is the unia.xial anisotropy energy constant, 2'1f' M: is the shape anisotropy 
energy along the film normal as given by equation 1.22. 
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For equilibrium the energy must be at a minimum with respect to 8: 
~! = VM,Hsin(8- 4>)- KVsin28 = 0. (2.4) 
From equations 2.1 and 2.4 we have, 
L = KVsin28. (2.5) 
Since at high fields: 8 = t/>, we have, 
L = KV sin2f/>. (2.6) 
From equation 2.6 it can be seen that for a uniaxial anisotropy film, torque L is a 
function of sin2f/>. The maximum torque, Lmaz = KV occurs at 4> = 45°. 
For a real film the maximum torque may not occur at 4> = 45° because of the 
anisotropy dispersion. If Lmaz occurs at angle t/>m, from the differentiation 8L/ 84> 
= 0 we will have [65], 
(2.7) 
By plotting (Lmaz/ H)2 versus sin2t/>m, the M, and Ku can be determined. 
2.3 Microstructure and texture examinations 
2.3.1 Miller-Bravais indices 
The planes and zone axes of fee and bee crystals are normally indexed by a three-
digit index scheme, known as Miller indices { hkl}. For the hcp crystals, such as 
hcp Co and hcp Ti, the three-digit Miller indices is also applicable. However, a 
four-digit index scheme, known as Miller-Bravais indices { hkil}, is more convenient 
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Figure 2.5: The arrangement of the axes for the hexagonal system in this work (a), and 
the schematic drawing of the low index planes and directions in hcp(b ). 
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and straightforward, in which the symmetry relationship between the planes of each 
family can. be obviously shown. 
In the Miller-bravais indices, the vertical z axis is in the centre of hexagonal 
plane. There are two possibilities in arranging the three horizontal axes x, y and u, 
which may result in different indices for the same set of planes. Figure 2.5( a) shows 
the axis system used in this work. Figure 2.5{b) gives a schematic digram of the low 
index planes and direction in hcp crystals designated by the Miller-bravais indices. 
Because three-dimensional geometry can not be described in terms of four in-
dependent parameters, h, k and i must be interrelated. Actually, h, k and i have 
the following relation, h + k + i = 0. Thus, a given three-digit Miller index (hkl) 
for an hcp crystal can be extended to a four-digit Miller-Bravais index (hkil) by 
i = -(h + k). For example, the three-digit Miller index {lOO) will become {1010) in 
four-digit Miller-Bravais index. 
2.3.2 X-ray diffraction 
X-ray diffraction was used to determine the film microstructure and the texture. 
Figure 2.6 is a schematic diagram of the x-ray diffractometer. When a monochro-
matic x-ray beam with wavelength A impinges on a polycrystalline thin-film sample 
with an angle (J with respect to the film plane, the lattice planes in the sample with 
spacing d, diffract the x-ray to form a diffraction pattern if the Bragg law is satisfied. 
nA = 2dsin9. (2.8) 
The deflected beam is detected by a counter located in the 29 position. In order to 
detect deflected beams from different lattice planes, the sample and the detector are 
rotatable and the rotation of the sample and the detector is coupled so that when 
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Figure 2.6: Schematic diagram of x-ray diffractometer 
the sample plane is in the 8 angle position with respect to the incident beam, the 
detector is always in the 28 angle position. 
An x-ray diffraction pattern measures the intensity of the deflected beam as a 
function of 28 angle. From the values of 28 of the diffraction peaks one can determine 
the corresponding d spacing and hence the crystal structure. From the number of 
peaks and the intensity of the peaks one can determine the crystal orientation or 
film texture. 
The CuKa radiation (A = 1.54A) was used for the x-ray diffraction in this work. 
Because the d spacing of lattice planes is of the same order of magnitude of A, it can 
be seen from equation 2.8 that the 8 angle for the first order(n= 1) x-ray diffraction 
is in the range of 15 - 60°. Table 2.1 lists the 28 angles and their corresponding d 
spacing values for the lattice planes of hcp Co, hcp Ti, fee Pt and fee Au. 
The dispersion of the c-axis orientation of the Co-based media can be measured 
in terms of !1850 which is the half pulse width of the c-axis rocking curve. To 
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Table 2.1: d spacing and 29 values for lattice planes of hcp Co, hcp Ti, fee Pt and fee Au 
for x-ray diffraction using CuKa radiation. 
28 (0 ) 0 hk.l d(A) 
-101) 41.57 2.170 
0002 44.47 2.035 
hep Co 
-0111 47.42 1.915 
-01'2 62.51 1.484 
-101) 35.08 2.555 
0002 38.39 2.342 
hep Tl 
-0111 40.15 2.243 
-01'2 52.99 1.726 
111 39.75 2.265 
002 46.21 1.962 
fee Pt 
022 67.44 1.387 
222 85.63 1.133 
111 38.17 2.355 
002 44.37 2.039 
fee Au 
022 64.55 1.442 
222 81.72 1.177 
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measure the c-axis rocking curve of the hcp Co crystals, the detector is fixed at 
the 28 (44.7°) position and de-coupled from the rotation of the specimen and the 
specimen is rotated from 8- !18 to 8 + !18. 
2.3.3 Electron diffraction and transmission electron microscopy 
Transmission electron microscope is a powerful instrument for the study of thin film 
microstructure and texture. The crystallographical texture of recording media can 
be determined by electron diffraction patterns with TEM. Moreover, the modern 
high resolution TEM provides us an effective means to resolve the microstructure 
of grains and grain boundaries at atomic level. Figure 2. 7 is a picture of the JEOL 
2000FX Transmission Electron Microscope used in this work. The accelerating volt-
age of the JEOL 2000FX system is 200KV. 
(a) Electron diffraction-- --
The electron diffraction is also based on Bragg law. The difference of electron 
diffraction from the x-ray diffraction is in that the Bragg angle 8 in the electron 
diffraction is very small, less than 1 or 2°. This is because the wavelength A of 
an electron beam is much smaller than that of an x-ray beam ( A = 0.025A when 
the accelerating voltage is 200KV). In the transmission electron microscope, the 
electron beam travels perpendicular to the plane of a specimen, therefore only those 
lattice planes which are near parallel to the film normal contribute to the electron 
diffraction patterns. Consider an hcp Co polycrystalline specimen with strong [0001] 
texture, the main reflection rings of such a specimen will be (1010), (1120), (2020), 
· · ·, {hkiO}, all of which are contributed from the lattice planes parallel to the film 
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,, 
Figure 2.7: JEOL 2000FX Transmission Electron Microscope. 
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Figure 2.8: Simplified schematic diagram of an electron diffraction camera. 
normal . Reflection rings of (0002), (0111), · · ·, {hkil} (l =I 0) would not appear. 
The expected diffraction patterns for the (0002], [1120] and (1010] textural hcp Co 
polycrystalline films will be further discussed in chapter 3. 
The principle for the index of a diffraction pattern is depicted in figure 2.8. 
When an electron beam with wavelength A strikes a specimen with incident angle 
(} , a diffraction pattern is formed on the photographic plate at distance R from the 
centre of the diffraction pattern. The distance between the specimen and the plate, 
the camera length, is designated L. The Bragg law states that, 
A = 2dsin(} , (2.9) 
and by simple geometry we have, 
tan2(} = R/ L . (2.10) 
2.3. MICROSTRUCTURE AND TEXTURE EXAMINATIONS 59 
With approximation of tan29 = 2Bin9 for very small 9, we have, 
Rd = >.L. (2.11) 
In equation 2.11, if R can be measured from a particular diffraction ring, L can 
be calibrated by a known crystalline specimen and >. can be obtained from the 
accelerating voltage of the electron beam, then the d-spacing d of the set of lattice 
planes giving rise to that diffraction ring can be determined. 
(b) TEM images 
Apart from the electron diffraction, TEM micrographs(images) is another important 
technique to study the film microstructure. There are two important mechanisms 
which produce image contrast in the transmission electron microscope: amplitude 
contrast and phase contrast. Amplitude contrast arises from the removal of part 
of the diffracted beam (bright field image), or alternatively the transmitted beam 
(dark field image) by the objective aperture. Improvement in image contrast can be 
obtained through use of smaller apertures, but at the expense of resolution since the 
scattered electrons carry the detailed information about the specimen. Amplitude 
contrast is the dominant mechanism in resolving structure detail ? 15A. The phase 
contrast is produced by interference between the transmitted and diffracted electron 
beams at the image point. Phase contrast is the dominant mechanism for structure 
detail ~ lOA and is important in lattice resolution studies. The lens aberration is 
one of the major causes in limiting the phase contrast resolution. 
60 
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electron beam 
Auger electrons 
secondary electrons 
backscattering electrons 
Figure 2.9: Various emissions are produced when a high energy electron beam bombards 
the surface of a specimen. 
(c) Specimen preparation 
The underlayers and CoCr films for TEM study were deposited by rf-sputtering on 
to glass disk substrates which were precoated with Carbon films. The films were 
then floated off from the substrates by water and placed in foldable Cu grids for 
TEM examinations. The thickness of underlayers is 300A and CoCr films , 160A. 
2.3.4 Scanning electron microscope 
The scanning electron microscope (SEM) is a useful instrument for the study of the 
surface or cross section morphology of the recording media at high magnification. 
Images are formed in the SEM by a quite different mechanism from that in TEM. In 
TEM images are formed by an objective lens. However, no objective lens is used in 
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SEM. Images are build up point by point in a way similar to that used in television 
display. 
As shown in figure 2.9, when a high energy electron beam bombards the surface 
of a specimen in an SEM, various electrons, characteristic x-rays, etc. are emitted 
from the specimen surface as a result of the interaction of the electron beam with 
the specimen. The SEM may utilize any of a number of different types of signal to 
produce an image from a specimen. In each case the microscope will be employed 
in a particular operation mode [66]. The most common operation mode for high 
resolution SEM is the emissive mode in which the secondary electrons are used to 
form SEM images. Because the secondary electrons are very sensitive to the to-
pography of the specimen, the dominant contrast provided by the emissive mode 
is the topographical contrast [66]. The SEM images so obtained are particularly 
useful in resolving the physical columnar structure and the columnar diameter of 
the sputtered films. However, they do not provide any information about the crys-
tallographic structure of the specimen. The columnar structure is superimposed on 
a microstructure which may be polycrystalline or amorphous [57]. 
One of the advantages of SEM is the ease of specimen preparation. No special 
requirement is normally needed for the preparation of the recording medium speci-
men for SEM. However, In order to get a high resolution image, a conducting layer, 
such as Gold coating, is sometimes required. 
2.4 Domain observation by Lorentz microscopy 
The interaction of the electrons with the magnetization of the specimen in a TEM 
can be used to detect magnetic domain structures. As the observed contrast could 
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Image plane 
-x 
Figure 2.11: Schematic drawing of fonnation of Foucault contrast through displacement 
of the objective aperture. {after Chapman) 
distance AZ. In the JEOL 2000FX TEM, the objective lens is actually switched off 
in the Lorentz mode in order that the magnetic specimen is in the magnetic field free 
space. The objective-mini(OM) is the image forming lens. With the objective lens 
switched off the magnification and resolution is considerably reduced. The maximum 
magnification of lOOOX can be achieved if the free lens mode is employed. For the 
examination of perpendicular recording media, the specimen is tilted through an 
angle in order to get sufficient in-plane magnetization component. 
Figure 2.11 is the schematic diagram showing the generation of the Foucault 
contrast. As shown in the figure, the electron beams deflected by the magnetic 
domains magnetized in one direction are cut off by displacing the objective aperture. 
These domains are then dark in the final image and the domains magnetized in 
the opposite direction are bright . Domain walls in the Foucault image appear as 
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boundaries between dark and bright areas. The main advantage of the Foucault 
mode is its ability to complement very simply the Fresnel images by providing 
information on the orientation of magnetization within specific domains [68]. 
2.5 Film composition analysis 
The energy dispersive analysis by x-rays (EDAX) and the Auger Electron Spec-
troscopy (AES) were used in this work to determine the composition of the record-
ing media. These instruments are based on the principle that when an area of a 
specimen is bombarded with high energy electrons or x-rays, the absorbtion of high 
energy beam by atoms in specimen results in the emission of photo-electrons, Auger 
electrons and fluorescent x-rays. Figure 2.12 is a schematic diagram showing how 
the interaction of x-ray with an atom produces photo-electrons, Auger electrons 
and characteristic x-ray emissions. The wavelength of such emissions depends on 
the nature of atoms in the specimen and is used for qualitative analysis. The inten-
sity of such emissions depends on the number of atoms and is used for quantitative 
analysis. 
The EDAX used in this work was not suitable for the analysis of light elements 
(Z < 10). A thicker film (1JLm) is also required in order to get the results free from 
the substrate interference. For the analysis of light elements and very thin films 
the AES is more powerful. Another advantage of AES is that it can be used to do 
the depth profiling if combined with a sputtering gun, which is a useful technique 
to study the composition distribution of thin films through the film depth. The 
thickness resolution of the AES is about 5A to 50A. 
2.6. DIFFERENTIAL THERMAL ANALYSIS 
photo-electron 
0 
fluorecent 
x-ray 
65 
Auger-electron 
Figure 2.12: Schematic diagram showing how the interaction of x-ray with an atom pro-
duces photo-electrons, Auger electrons and fluorescent x-ray emissions. 
2.6 Differential thermal analysis 
The crystallisation temperature of the amorphous CoNbFe films was measured by a 
differential thermal analysis (DTA) techniques. Figure 2.13 is the schematic drawing 
of the DTA apparatus. CoNbFe films of 5 mg which were peeled off from glass 
substrate are put in the micro-environment cup and heated by a furnace winding at 
a specific heating rate during the test. The heat flow in the specimen is measured 
by a calorimeter in the micro-environment cup and recorded by an X-Y plotter as a 
function of specimen temperature. When crystallisation occurs in the specimen as 
temperature increases, the latent heat is evolved because of the phase change and 
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Figure 2.13: Schematic drawing of the DTA apparatus . 
is recorded by the X-Y plotter as a pulse peak in the heat flow - temperature plot . 
The crystallisation temperature is thus determined from such a plot . 
Chapter 3 
Results and discussion 
3.1 Underlayer effect on Co-based media 
This section presents the detailed experimental studies of CoCr and CoCrTa per-
pendicular recording media deposited on various kinds of underlayers. The CoCr 
films and their underlayers studied in this section were deposited by rf-sputtering on 
to chemically strengthened glass disk substrates. A -100 v substrate bias was used 
during the deposition unless otherwise stated. The base pressure of the sputtering 
chamber was below 2xl0-7 Torr. Ar pressure was 3 mTorr. The Cr content of the 
CoCr films was 22 at%. The CoCrTa films and their underlayers were deposited by 
rf-magnetron sputtering. No substrate bias was used during this sputtering. 
Results presented include magnetic measurement of these media by MOKE, VSM 
and torque magnetometer, texture examination by x-ray diffraction patterns, rock-
ing curves and TEM electron diffraction, physical and crystallographic microstruc-
ture examination by TEM, HRSEM and AES, and micromagnetic examination by 
Lorentz microscopy. Experimental results are discussed in conjunction with the re-
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cent theoretical development in the related subject. Special attention is paid to 
the thin film growth process, orientation relationship between the Co-based media 
and their underlayers, the correlation of the magnetic properties, such as coercivity, 
squareness and shearing of the loops, with the film microstructure and texture. 
3.1.1 Dependence of MOKE loops on CoCr thickness 
Figure 3.1 shows the typical perpendicular MOKE loops of the four different thick-
ness CoCr films with Ti underlayers(solid curve} and without Ti underlayers(dashed 
curve). The Ti underlayer thickness was 600 A. From these hysteresis loops one can 
see that for the 1600 A-thick CoCr films, the principal difference of the MOKE 
loop of the CoCr films with and without Ti underlayer is only in the "shoulder" of 
the loop. CoCr films deposited on Ti underlayers exhibit a bigger "shoulder" in its 
perpendicular loops. The similar results have been reported by M. Futamoto and 
his colleagues [74]. However, when the CoCr films get thinner, the Ti underlayer 
effects on the perpendicular loops become pronounced. There are two major effects: 
the shearing of the perpendicular loop and the squareness of the perpendicular loop. 
For CoCr films deposited directly on glass disk substrates, the perpendicular loops 
are always sheared and the squareness becomes smaller as film thickness reduces. 
On the other hand, for CoCr films deposited on Ti underlayers, their perpendicular 
loops become steeper and squarer as the CoCr film thickness reduces. As shown in 
figure 3.1, an 80 A-thick CoCr film and a 160 A-thick CoCr film deposited on Ti 
underlayer exhibits nearly square perpendicular hysteresis loops. The shearing of 
the loop is very small and the perpendicular remanence ratio is near unity. 
Wielinga et al have proposed to use the slope T ( = 47rdM/dHM=o) of the per-
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Figure 3.1: Perpendicular M-H loops of different thickness CoCr films with and without 
Ti underlayers . 
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Figure 3.2: Measured hysteresis loop slope T of CoCr films as a function of film thickness . 
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Figure 3.3: Perpendicular remanence ratio of CoCr films as a function of film thickness. 
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pendicular loops to indicate the shearing of the perpendicular loops [69]. The same 
method is used in this work to describe the shearing of the perpendicular loops. 
Figure 3.2 is the dependence of the slope T on the film thickness. The dependence 
of perpendicular remanence ratio on the CoCr film thickness is plotted in figure 3.3. 
It can be seen from figures 3.2 and 3.3 that the Ti under layer effects on the magnetic 
properties become very pronounced in the thinner film region. The slope T of the 
perpendicular loop of an 80 A-thick CoCr film with Ti underlayer is about 13 and 
perpendicular remanence ratio 0.9. while for the same thickness CoCr film without 
Ti underlayer, only about 1.2 and 0.28. However, no significant underlayer effect on 
the perpendicular coercivity was observed at any thickness. 
3.1.2 X-ray diffraction study o£ Ti/CoCr films 
The x-ray diffraction patterns in figure 3.4 show that the CoCr films have an hcp 
structure with a main reflection peak of (0002) and the Ti underlayer has an hcp 
structure with a main reflection peak of (1010). The (0002) reflection peak inten-
sity of different thickness CoCr films with and without Ti underlayers is shown in 
table 3.1, from which one can see that the (0002) peak intensity of any thickness 
CoCr films deposited on Ti underlayers is much higher than that without Ti under-
layers, which suggests the CoCr films deposited on Ti underlayers have better c-axis 
orientation. The better c-axis orientation appears to result in a bigger "shoulder" 
for perpendicular hysteresis loops of thick CoCr films and desheared, square loops 
for the thin ones. 
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Figure 3.4: X-ray diffraction patterns of 160 A-thick CoCr films with and without Ti 
underlayers . 
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Table 3.1: Thickness dependence of (0002) reflection peak intensity of CoCr films with 
and without Ti underlayers. 
0 0 0 0 0 
Film thickness 160 A 640 A 960 A 1280 A 1920 A 
1(0002) (cps) 614 1,548 4,474 4,670 11,710 glass/TI/CoCr 
1(0002) (cps) 162 934 1,778 1,946 3,824 glass/CoCr 
3.1.3 Effect of Ti underlayer thickness 
The effect of Ti underlayer thickness on the magnetic properties of very small thick-
ness CoCr films(160 A) is shown in figure 3.5 and 3.6. The perpendicular remanence 
ratio and the slope T can be in some degree changed by the existence of even a very 
thin Ti underlayer. This change is again related to the improvement of the (0002) 
orientation of the CoCr films, reaching the maximum at the Ti thickness of about 
250 A. Very thin CoCr films deposited on 250 or 600 A-thick Ti underlayers exhibit 
little difference in their perpendicular loops. Therefore, a 250 A-thick Ti underlayer 
is sufficient to provide a good substrate condition for the growth of highly (0002) 
oriented CoCr films. It can also be seen from figure 3.6 that the coercivity of a 160 
A-thick CoCr film is about 300 Oe and not affected by the Ti underlayer thickness. 
The perpendicular M-H loops of 160 A-thick CoCr films with and without Ti 
underlayers were also measured by VSM and results are shown in figure 3.7. The 
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Figure 3.5: Effect of Ti underlayer thickness on perpendicular MOKE loops of 160 A-thick 
CoCr films . 
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Figure 3.6: Effect of Ti underlayer thickness on perpendicular magnetic properties and 
(0002) intensity of 160 A-thick CoCr films . 
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Figure 3. 7: M-H loops of 160 A-thick CoCr films with and without Ti under layers measured 
by VSM. 
78 
0.04 
0.02 
-0) 
...... 
Q) 
0 -Q) 
~ 
rr 
...... 
0 
I-
-0.02 
-0.04 
-0.04 
en -a.oa 
...... 
Q) 
-Q) 
~ 
rr 
...... 
0 I- -0.12 
CHAPTER 3. RESULTS AND DISCUSSION 
g~m(60nm)/CoCr(16nm) 
-80 -40 0 40 80 
Angle (degree) 
-80 -40 0 40 80 
Angle (degree) 
Figure 3.8: Torque curves of 160 A-thick CoCr films with and without Ti underlayers . 
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VSM perpendicular M-H loop for the 160 A-thick CoCr film on Ti is nearly square 
and unsheared whilst the loop for the same thickness CoCr film deposited without 
underlayer is thin, curved and sheared. These results are nearly in agreement with 
the corresponding MOKE loops except the coercivity value. 
Figure 3.8 is the torque magnetometer measurement of the 160 A-thick CoCr 
films with and without Ti underlayers. Torque curves for both samples are initiated 
with the applied field in the plane of sample. Under these conditions, torque curves 
which start at zero degree with a negative slope indicate an anisotropy perpendicular 
to the film plane and with a positive slope, an anisotropy in the plane of the film. As 
shown in figure 3.8 the CoCr on glass exhibits a typical in-plane anisotropy torque 
__ curve, while. the_CoCr_film on_Ti_exhibits_a_perpendicular_anisotropy __ torque_curve .. 
The magnetization easy axis of such a thin CoCr film is switched from the in-plane 
direction to perpendicular direction by the existence of Ti underlayer. These results 
are in a good agreement with the x-ray diffraction studies. 
In summary, the experimental results so far show that very thin CoCr films de-
posited on Ti underlayers exhibit nearly square and de-sheared perpendicular loops. 
X-ray diffraction study shows that the Ti underlayers greatly improve the [0002] ori-
entation of the hcp CoCr films though the Ti underlayer itself has a [lOIO] texture. 
Torque curve measurement indicates that the very thin CoCr without underlayer -
exhibits an in-plane anisotropy whilst with Ti underlayer exhibits a perpendicular 
anisotropy. 
It has been reported by several authors that the (0002) oriented hcp structure 
Ti and Ti-M alloy underlayers or amorphous-like Ge underlayers [74, 101] could 
greatly improve the c-axis orientation of CoCr films. An epitaxial growth model 
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had been proposed for this effect. However, the Ti underlayer used in this study, 
which has a strong effect on the [0002] texture of CoCr films, is not (0002) oriented, 
its main reflection peak of x-ray diffraction pattern is (1010). A similar result has 
been reported by D. Jeanniot et al [77]. It seems that the high (0002) orientation of 
the underlayer is not essential for the growth of highly (0002) oriented CoCr films. 
More detailed studies are necessary to clarify the growth mechanism of CoCr film 
on underlayers. 
3.1.4 Very thin CoCr film on di_fferent underlayers 
Further experimental study of the very thin CoCr films deposited on other under-
layers was undertaken. Figure 3.9 shows the perpendicular MOKE loops of the 
80 A-thick CoCr films on various underlayers. It can be seen from figure 3.9 that 
the squareness, slope and shape of the MOKE loops of the same thickness CoCr 
films depend strongly on the underlayers. The loops shown in the figure can be 
roughly classified into .four categories: square and unsheared, square and sheared, 
curve-shaped, and, thin and flat. The 80 A-thick CoCr films on Ti and Au exhibit 
unsheared square perpendicular loops though the height of the two loops is differ-
ent, which is believed to be caused by the underlayer enhancement effect on the 
magneto-optic signals [67]. The 80 A-thick CoCr films deposited on Carbon, AI 
underlayers or on amorphous Si substrate exhibit square and sheared MOKE loops. 
The CoCr deposited on Cu underlayers exhibits a curve-shaped MOKE loop and 
the CoCr on Cr underlayer shows a thin and fiat perpendicular loop. 
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Figure 3.9: Perpendicular MOKE loops of 80 A-thick CoCr films deposited on different 
underlayers, y-a.x.is is arbitrary unit, but in the same scale. 
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Figure 3.10: X-ray diffraction pattern of Au/ CoCr(80A) films . 
3.1.5 X-ray diffraction patterns of Au/CoCr films 
Figure 3.10 is the x-ray diffraction pattern of the Au(500A)/ CoCr(80A) films wl 
exhibit a rectangular unsheared perpendicular loop as shown in figure 3.9. It 
be seen from the x-ray diffraction that the Au underlayer has a very strong fee [: 
texture and the very thin CoCr film on the Au underlayer has a strong hcp [01 
texture. It was found in our experiment that the [111] texture of the Au underl< 
is essential for the growth of the very thin [0002] textural CoCr films . Such 
orientation relation may be attributed to the "epitaxial growth" mechanism. ~ 
is depicted in figure 3.11. As shown by the figure, when the hcp CoCr films depos 
on fee [111] textural Au, the (0002) hexagonal lattice pattern appears to match 
fee (111) lattice pattern in spite of their large lattice misfit (15%). 
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Figure 3.11: Schematic representation of hcp (0002) and fee (111) lattice planes and the 
lattice misfit calculation. 
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3.1.6 Electron diffraction study of film texture 
In order to understand the textural relations between the CoCr films and their un-
derlayers, the 160 A-thick CoCr films on Ti, C, Cr and Cu underlayers were studied 
by TEM selected area diffraction (SAD). For the preparation of the TEM specimen, 
the CoCr films and their underlayers were deposited on glass disk substrates with 
precoated Carbon layers. The films were then floated off the substrates in water. 
The hysteresis loops of these films were examined by magneto-optic Kerr loop plot-
ter after deposition and no significant difference from the loops shown in figure 3.9 
was observed. The thickness of underlayers in all cases was 300 A. 
The C/Ti/CoCr, C/Cr/CoCr, C/Cu/CoCr and C/CoCr films were examined by 
selected area electron diffraction with specimen untilted and tilted with 30°. The 
SAD patterns of these films are shown in figure 3.13 and are indexed in tables 3.2 
to 3.5. 
As discussed in section 2.3.3, in electron diffraction only those planes which are 
near parallel to the incident electron beam contribute to the diffraction patterns. 
If we consider an hcp Co polycrystalline film with strong [0002] texture, the SAD 
pattern for such a specimen will be as shown in figure 3.12(a). The main reflection 
rings are (1010), (1120) and (2020), · · ·, (hkiO), all of which are contributed from 
the lattice planes parallel to the film normal. Reflection rings of (0002), (0111), 
· · ·, {hkil}(l =f. 0) would not appear. When the specimen is tilted through 30°, the 
{hkiO} rings break into arcs along the diameter parallel to the tilting axis and extra 
arcs, such as (01 I 1) would also appear along the perpendicular diameter because 
the (lOIO) planes make an angle of 28° with the c-axis. The schematic drawings of 
SAD patterns of the [1120] and [1010] textural hcp polycrystalline films are shown 
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Figure 3.12: Schematic drawings of SAD patterns for hcp and bee films with texture of 
(a) [0002], (b) [1120], (c) [1010], and (d) [110] . 
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in figures 3.12{b) and {c) respectively. When we observe the SAD patterns of the 
[1120] and [1010] textural Co films with specimen tilted, it is more difficult to predict 
when arcs would occur for every family of planes because of the complex of angles 
with each family. However, one of the obvious features for such textural films is 
that the {0002) ring will break into arcs along the diameter parallel to the tilting 
axis. The SAD pattern for the [110] textural bee polycrystalline films is shown in 
figure 3.12{d). 
It can be seen from figure 3.13 and tables 3.2 to 3.5 that the diffraction patterns 
of CoCr films on Ti and C underlayers with specimen untilted and tilted are as 
expected from a strong [0002] textural hcp Co film. The main reflection rings of the 
hcp Co on both patterns are {1010), {1120) and {2020) when untilted. Diffraction 
rings of the form {OOOl), where l =f. 0, are not seen. When specimen was tilted at 30°, 
the {1010), {1120) and {2020) rings are broken into arcs along the parallel diameter 
of the tilting axis. Extra arcs, such as {0111 ), appear along the perpendicular 
diameter. The c-axis of such a film is therefore perpendicular to the film plane. 
The CoCr film on Cr shows a mixed [1120] and [1010] zone axis pattern. When 
specimen was tilted, arcs from the {0002) planes can be seen. The c-axis of such a 
film is lying in the film plane. 
The CoCr on Cu has no texture. Reflection rings from all zone axes are present 
on the SAD pattern. When tilted, the diffraction pattern remains unchanged. 
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Figure 3.13: SAD patterns of 160 A-thick CoCr films deposited on Ti , Cr, Cu 
and C underlayers. 
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Table 3.2: Summary of SAD patterns C/Ti(300A)/CoCr(160A) films with specimen un-
tilted and tilted. 
Ring Diameter Plane spacing [A) Structure hkil Untilled Tilled 
measured ASTM 
29.0 2.544 2.555 Ti hcp 1010 medium ring ring & arcsll 
2 31.5 2.342 2.342 Ti hcp 0002 medium ring unchanged 
3 32.9 2.242 2.243 Ti hcp Oil! very weak ring strong arcs .L 
4 34.0 2.170 2.170 Co hcp IOlO strong ring strong arcs I! 
5 38.5 1.916 1.915 Co hcp Oil! invisible strong arcs .1 
6 42.9 1.72 1.72 Ti hcp 0112 invisible weak arcs .L 
7 50.2 1.470 1.475 Ti hcp 1120 medium ring medium arcsll 
s 55.2 1.337 1.332 Ti hcp Oll3 very weak ring unchanged 
9 58.6 1.259 "!.253 Co hcp 1120 strong ring strong arcsll 
Ill 67.5 1.093 1.085 Co hcp 2020 very weak ring weak ring & arcsll 
Table 3.3: Summary of SAD patterns C/Cr(300A)/CoCr(160A) films with specimen un-
tilted and tilted. 
Ring Diameter Plane spacing (A] Structure hkil Untilted Tilled 
measured ASTM 
34.0 2.170 2.170 Co hcp IOlO weak ring unchanged 
36.2 2.04 2.04 Cr bee 011 strong ring ring & arcsll 
J 36.2 2.038 2.035 Co hcp 0002 slrong ring ring & ar~•ll 
4 38.5 1.916 1.915 Co hcp Oil! slrong ring ring & arcsll 
5 49.8 1.481 1.484 Co hcp 0112 weak ring weak arcs 
6 51.0 1.447 1.443 Cr bee 002 strong ring strong arcs !I 
7 58.6 1.259 1.253 Co hcp 1120 weak ring unchanged 
8 62.4 1.182 1.178 Cr bee 112 weak ring medium arcs .1 
9 63.8 1.156 1.15 Co hcp 0113 weak ring unchanged 
10 69 1.07 1.067 Co hcp 1122 very weak ring unchanged 
!I 72 1.02 1.02 Cr bee 022 weak ring ring & arcs !I 
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Table 3.4: Summary of SAD patterns C/Cu(300A)/CoCr(160A) films with specimen un-
tilted and tilted. 
Ring Diameter Plane spacing [A) Slructure hkil Unlilted Tilled 
measured ASTM 
34.0 2.170 2.170 Co hcp 1010 weak ring unchanged 
35.3 2.09 2.087 Cu fee 111 strong ring unchanged 
3 36.0 2.049 2.038 Co hcp 0002 medium ring unchanged 
4 38.5 1.916 1.915 Co hcp 0111 weak ring unchanged 
5 41.0 1.80 1.808 Cu fee 002 medium ring unchanged 
6 57.8 1.276 1.278 Cu fee 022 medium ring unchanged 
7 58.6 1.259 1.253 Co hcp 1120 medium ring unchanged 
8 68.0 1.085 1.085 Co hcp 2020 medium ring unchanged 
9 69.4 1.063 1.067 Co hcp 1122 weak ring unchanged 
10 71.0 1.039 1.044 Cu fee 222 weak ring unchanged 
Table 3.5: Summary of SAD patterns CfCoCr(160A) films with specimen untilted and 
tilted. 
Ring Diameter Plane spacing [A) Structure Irk if Un1ilted Tilted 
measured ASTM 
27 2.17 2.17 Co hcp 1010 strong ring slrong arcsll 
28.8 2.034 2.035 Co hcp 0002 faint faint 
30.5 1.92 1.915 Co hcp 0111 fainl strong arcs .1 
46.6 1.257 1.253 Co hcp 1120 strong ring strong arcs!l 
5 53.8 1.089 1.085 Co hcp 2020 medium ring medium arcsll 
6 55 1.065 1.068 Co hcp 1122 fain! strong arcs 1. 
61.2 0.957 0.957 Co hcp 0222 invisable weak arcs 1. 
8 71.6 0.818 0.82 Co hcp 1230 weak ring medium arcsll 
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The underlayer structure can also be clarified from these diffraction patterns. 
The Ti underlayer on carbon has a preferred hcp [0002] texture. The C underlayer 
is amorphous. The Cr underlayer has a preferred bee [110] or [100] texture and the 
Cu underlayer has a fee structure with no texture. The texture of the Ti underlayer 
on carbon is obviously different from the texture of Ti deposited on glass which 
exhibit a [lOIO] texture, as seen in figure 3.4. Such a difference may be attributed to 
the effect of precoated Carbon layers. However the CoCr films on both kinds of Ti 
underlayers exhibit [0002] texture. This would certainly give rise to the complexity 
of the textural relations between the underlayers and CoCr films. 
The relationship of the undedayer texture and the CoCr texture obtained from 
the electron diffraction study is summarised as follows: 
C(amorphous)/Ti[0002]/CoCr[0002], C(amorphous)/CoCr[0002], 
C( amorphous )/Cr[llO]bce/CoCr([lOIO] + [1120]), 
C(amorphous)/Cu(no texture)/CoCr(no texture). 
It is concluded from these electron diffraction studies that the thin and flat per-
pendicular loop(hard-axis type loop) of the C/Cr/CoCr films is due to the in-plane 
texture of the CoCr films, which explains why the Cr/CoCr films can he used as 
longitudinal recording media. The curve-shaped perpendicular loop of C/Cu/CoCr 
is due to its random easy axis( c-axis) orientation. The square or near square per-
pendicular loop of such very thin films is related to the excellent c-axis texture of 
the CoCr films. However, it is difficult to tell from the electron diffraction patterns 
that there is any textural difference in the C/Ti/CoCr films which exhibit a square 
and unsheared loop and the C/CoCr films which exhibit a square but sheared loop. 
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Figure 3 .1-t : TE~l bright field images o f 160 A-thick CoCr films on (a) Ti , (b) Cr and (c) 
(' undt>rla\·ers . 
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figure 3.15: TEM bright field images of Ti and Cr underlayers . 
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3.1.7 Crystallographic microstructure examination by TEM 
Figure 3.14 is the TEM bright field images of C/Ti/CoCr, C/Cr/CoCr, and C/CoCr 
films corresponding to the films in figure 3.13 (a), (b) and (d) respectively. The 
bright field images of Ti/CoCr and Cr/CoCr have contributions from both the CoCr 
and underlayers. For comparison, the bright field images for the same thickness of 
Ti and Cr underlayer deposited in the same condition are given in figure 3.15. It 
can be seen from figure 3.14(a) that the Ti/CoCr films have very well defined grains 
with grain size varying from 50 A to 250 A. The average grain size is about 100 A. 
Striations can be seen on some grains which indicate the stacking faults of the 
crystals [88]. The bright field image of the Ti underlayer (figure 3.15(a)) shows the 
similar grain structure with smaller grain size. This may suggest that the top CoCr 
film replicated the grain morphology of the Ti underlayers. Stacking faults can also 
be observed for the Ti underlayer. In the case· of Cr/CoCr, the grains are not very 
well defined (figure 3.14(b)) and can not be easily identified. If we compare the 
bright field image of Cr/CoCr with that of Cr underlayer(figure 3.15(b)), they again 
appear to be quite similar. The CoCr deposited on Carbon underlayer has very well 
defined and densely packed grains (figure 3 .14( c)). The grain size is slightly smaller 
than that of Ti/CoCr films. The stacking faults are negligible for such films. 
3.1.8 AES depth profiling of very thin CoCr films 
The Auger electron microscopy (AES) depth profiling was used to investigate the 
composition distribution along the film depth of the 80 A-thick CoCr films on Ti 
(300 A) and Au (500 A) underlayers. The two specimens were the same as those 
in figure 3.9 with Ti and Au underlayers. The removal rate for each film was 135 
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Figure 3.16: AES depth profiling of very thin CoCr films on (a) Ti) and (b) Au underlayers . 
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A/min for CoCr, 127 A/min forTi and 226 A/min for Au. 
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Figure 3.16 shows the atomic composition versus the etching time for the two 
samples. There was some contamination detected on the surface of the two samples 
such as Oxygen and Carbon but are not shown in this figure. 
In figure 3.16 (a), the Ti underlayer has a long tail into the CoCr films, so does 
the CoCr well into the Ti underlayer. There are two possible reasons for such tails; 
the surface diffusion of each element and the response of the AES measurement to 
the non-flatness of the CoCr-Ti interface. If we now pay attention to the CoCr-Au 
interface in figure 3.16 (b), similar tails are also seen. However, for the interfaces 
of Au-glass and Ti-glass, the pictures are different. The Au-glass interface is very 
sharp which suggests the glass surface is actually very fiat and there is also very little 
diffusion in the Au-glass interface, whilst the Ti-glass interface is quite similar to 
the CoCr-Ti interface where long tails are seen, which obviously indicates that the 
diffusion in the Ti-glass interface is quite active. Because the glass surface is very fiat 
and the Au is not diffusion active, the tails detected in the CoCr-Au interface would 
represent the surface roughness of the Au underlayer which was developed during 
the films growth process due to the columnar growth nature of sputter-coated films 
[57]. The surface roughness estimated from the tail length is about 150 A, greater 
than the CoCr film thickness. Therefore, CoCr films with such a small thickness 
are very likely not continuous. The tails in the CoCr-Ti interface may also be 
caused by the surface roughness of the Ti underlayer though the interface diffusion 
is not negligible in this case. In conclusion, the very thin CoCr films on the Au 
and Ti underlayers may not be physically continuous due to the surface roughness 
of the underlayers developed during the film growth process. Further discussion 
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will be given on these AES depth profiling results in comparison with the surface 
morphology examinations of the CoCr films by HRSEM. 
3.1.9 Magnetic domains of very thin CoCr films 
The micromagnetic structure of the very thin CoCr films deposited on Ti, Cr and 
C underlayers was studied by Lorentz transmission electron microscopy at demag-
netized state. The Fresnel images with specimen untilted and 20° tilted are shown 
in figure 3.17. All these samples show fine domain structure which are quite similar 
to those reported by Yeh et al[91] for very thin CoCrTa films on Cr underlayers. 
The tilting of the specimen makes no difference to the domain contrast of the CoCr 
film on Cr underlayer. However, for the CoCr films on Ti and C underlayers, the 
domain contrast is increased by tilting the specimen at 20°. This further proves 
that the very thin CoCr films on Ti and C underlayers exhibit strong perpendicular 
anisotropy and the CoCr film on Cr underlayer exhibits in-plane anisotropy. 
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Figure :U 9: HRSE~l micrographs of top surface of CoCr(2400 A) on (a) Ti undN ia vN. 
and (b) g lass. 
lUll CHAPTER 3. RESULTS .-f:VD DlSCUSSTOiV 
l1~nn• :l20 . HRSE~I micrographs of top surface of CoCr( l60 A) o n (a) Ti undt>rla\w . 
• tnd l h ) ~la~s 
3.1. UNDERLAYER EFFECT ON Go-BASED MEDIA 101 
3.1.10 Physical morphology examination of CoCr films by HRSEM 
Figure 3.18 is the HRSEM micrographs of the fractured cross sections of 
Ti(600A}/CoCr(2400A} and CoCr(2400A} films on glass substrates. These micro-
graphs revealed that both the CoCr films with and without Ti underlayers exhibit a 
columnar structure which corresponding to Thornton's zone 1 structure,as shown in 
figure 1.13. Such a structure is expected for a sputter-deposited coating on unheated 
substrates where the adatom mobility is limited. The columnar structure is a fun-
damental consequence of atomic shadowing acting in concert with the low adatom 
mobility [57]. It is not adequate to associate such a columnar structure with the 
crystallographic c-axis texture of the hcp CoCr films as claimed by some authors. 
As a result of such a columnar growth, the top surface of the CoCr is quite rough 
as shown in the figures. The surface morphology of the Ti underlayer can also be 
seen in figure 3.18(a), which is smoother than the surface of the CoCr films because 
of its finer columns due to its small thickness (600 A). 
Figure 3.19 is the HRSEM micrographs of the CoCr top surfaces of the two 
samples at the magnification of 50,000X, which shows an acicular and "worm-like" 
surface structure. The average column diameter of both CoCr films is around 400 
A. It can also be seen that the columns of CoCr on glass is not as elongated as 
those formed on Ti underlayer. This is probably due to the contribution of the 
Ti underlayer to the surface roughness. The HRSEM micrographs in figure 3.20 
support this view. 
Figure 3.20 shows the top surface HRSEM micrographs for the very thin CoCr 
films(160A} with and without Ti underlayers. Very fine grains less than 100 A 
in diameter can be seen from the top surface of the 160 A-thick CoCr films on 
102 CHAPTER 3. RESULTS AND DISCUSSION 
Ti underlayers, which are in good agreement with the TEM bright field image. 
However, the same thickness CoCr on glass shows a very smooth surface. The grain 
size is not discernible at such a magnification. This may suggest that the fine grains 
seen in figure 3.20( a) represent the roughness of 600 A-thick Ti underlayer resulted 
from its columnar growth. 
It is therefore concluded that both the CoCr film and the Ti underlayer exhibit 
a columnar growth mechanism during the film growth process. Surface roughness 
develops during the film growth process due to the columnar growth nature. The 
column diameter and the surface roughness increase with the film thickness. And 
the top CoCr coatings always replicate the surface morphology of underlayers. This 
supports the AES depth profiling results which suggest the very thin CoCr films 
on Ti and Au are not physically continuous due to the surface roughness of the 
underlayers. Such a surface roughness is obviously the consequence of the columnar 
growth. The physical separation between columns may be partly responsible for the 
deshearing of the perpendicular loops of very thin CoCr films, which will be further 
discussed in section 3.1.13. 
3.1.11 CoCrTa films on Pt, Au and Ti underlayers 
CoCrTa films have been proposed as longitudinal recording media because of the 
high in-plane coercivity and low recording noise when deposited on Cr underlayers 
[80, 81, 82]. It has also been reported by Howard [83], Tamai and et al [84] that 
the addition of as little as 2 at.% Ta into the CoCr films could greatly increase 
the perpendicular coercivity of the media. This section presents the experimental 
study on CoCrTa films deposited on Pt, Au and Ti underlayers by RF-magnetron 
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Figure 3.21: X-ray diffraction patterns of CoCrTa films on Pt (a) and Ti (b) underlayers. 
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sputtering. The CoCrTa were deposited by an alloy target with composition of 
Co7s.sCr11.sT&f. The film composition analysed by EDAX was Co79 Cr18Ta3 . The 
deposition rate at 300W sputtering power was 670 A/m for CoCrTa, 900 A/m for Pt, 
300 A/m for Ti and 1900 A/m for Au respectively. The saturation magnetization 
of the CoCrTa film is 540 emu/cc, independent of the underlayers used. 
(a) Film texture and microstructure 
Figure 3.21(a) shows the x-ray diffraction pattern of 440 A-thick CoCrTa films 
deposited on Pt underlayers. The Pt underlayer thickness is 900 A. X-ray diffraction 
shows that CoCrTa films deposited on fee Pt, fee Au and hcp Ti all exhibit strong 
[0002] texture. The Pt and Au underlayers exhibit a very strong [111] texture. The 
orientation relation of the CoCrTa films with Pt and Au underlayers is quite similar 
to that of CoCr films with Au underlayers(see figure 3.11). It was also found that 
the [111] texture of the Pt and Au underlayers is essential for the growth of [0002] 
textural CoCrTa films. 
Figure 3.21(b) is the x-ray diffraction pattern of 440 A-thick CoCrTa on Ti un-
derlayer. The Ti underlayer deposited on glass disk substrate in this experiment has 
a preferred [0002] texture with a very weak (1010) peak, which is different from the 
results as shown in figure 3.4, where the Ti underlayer has a [1010] texture. Such a 
difference may be explained by the different Ti target and also the different sputter-
ing equipment used in those two cases. However, the texture of the Ti underlayer 
of this experiment is quite similar to the one deposited on precoated Carbon layers 
for TEM study as shown in figure 3.13. In spite of the textural difference of the Ti 
underlayers, the Co-based films deposited on these Ti underlayers all have a good 
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[0002] orientation. It appears that the texture of the hcp underlayer does not play 
any important role in determining the texture of the Co-based films. 
Table 3.6: Ll850 of different thickness CoCrTa on Pt, Au and Ti underlayers . 
. • • . CoCrTa film thickness 220 A 440 A 880 A 2000 A 
~e50 OF CoCrTa on Pt 4.6 4.6 4.9 4.9 
~850 OF CoCrTa on Au 4.9 5 5.1 4.8 
~e5o OF CoCrTa on Tl 10.5 8.8 4.8 4.9 
The ~850 of the [0002] peak of different thickness of CoCrTa films on 900 A-thick 
Pt, Au and Ti underlayers is shown in table 3.6. CoCrTa films deposited on Pt and 
Au underlayers show very small ~850 at any film thickness while the films deposited 
on Ti underlayers have relatively larger Ll850 in the thinner film region. The LlBso 
approaches to the similar value as that on Pt underlayers when films grow thicker. 
Figure 3.22 is the top surface view of the HRSEM micrographs for 2000 A-thick 
CoCrTa films on Ti and Pt underlayers. The thickness of both underlayers was 900 
A. The obvious difference in the microstructure of these two films is the column 
diameter. The average column diameter is 500 A for the 2000 A-thick CoCrTa on 
Ti, and 250 A for the same thickness CoCrTa on Pt. Such a difference in column 
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diameter may be attributed to the different grain morphology of the two underlayers 
which is determined by the nature of the underlayer material. One of the distinct 
differences of these two underlayers is the deposition rate. The high deposition 
rate of Pt (900 A/m) may results in a fine grain structure under the low substrate 
temperature condition. 
(b) Magnetic properties 
The perpendicular coercivity of the CoCrTa films on Pt and Ti underlayers was 
measured by MOKE and VSM and results are shown in figure 3.23. The coercivity 
of both films is a strong function of film thickness. At very small thickness, both 
films exhibit small coercivity. As the film thickness increases, the coercivity of both 
films increases. However, the coercivities of CoCrTa films on Ti are much larger 
than that of CoCrTa on Pt films either by MOKE or by VSM. It is also noticeable 
from figure 3.23 that for the CoCrTa films deposited on Pt underlayers, the MOKE 
coercivity and VSM coercivity are nearly the same while for the films deposited on 
Ti underlayers, the MOKE coercivity is larger than the VSM coercivity. This is 
especially true in film thickness region of 400 A to 1500 A. 
The shape of the perpendicular hysteresis loops of these films strongly relies on 
the underlayers used. The CoCrTa films deposited on Ti underlayers exhibit fat per-
pendicular loops with rounded "shoulder" and the films on Pt and Au underlayers 
exhibit thin, "waisted" loops with well defined "shoulder". The slope T of the hys-
teresis loops of CoCrTa films on Ti, Pt and A u underlayers is also a function of film 
thickness, increasing with the decrease of film thickness. For films with intermediate 
thickness, the slope T is not equal to unity. Figure 3.24 shows the typical VSM hys-
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Figure 3.23: Thickness dependence of perpendicular coercivity of CoCrTa films on Pt and 
Ti underlayers measured by MOKE and VSM. 
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Figure 3.24: Typical VSM perpendicular (solid curves) and in-plane hysteresis loops 
(dashed curves) of CoCrTa films (2000A) on (a) Ti and (b) Pt underlayers. 
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teresis loops ofthe Ti(900A)/CoCrTa(2000A) and Pt(900A)/CoCrTa(2000A) films. 
The perpendicular coercivity of these two films is 2000 Oe and 700 Oe respectively. 
Slope T for the 2000 A-thick CoCrTa on Ti is 1.42 while for the same thickness 
CoCrTa on Pt is 2.32. 
3.1.12 Correlation of magnetic properties with microstructure 
It has been seen from section 3.1.11 that there are distinct differences in the magnetic 
properties, such as perpendicular coercivity, MOKE and VSM coercivity, shape of 
perpendicular hysteresis loops and slope of hysteresis loops, between the CoCrTa 
films deposited on Pt and the CoCrTa films on Ti underlayers. The correlation of the 
magnetic properties with the film microstructure will be discussed in this section in 
conjunction with the recent theoretical development in the numerical micromagnetic 
computer simulation for the Co-based perpendicular media [22]. 
(a) Perpendicular coercivity and shape of M-H loops 
The perpendicular coercivity of the Co-based films with thickness greater than a 
few hundred A, as discussed in section 1.1.4, is closely related to the shape of the 
hysteresis loops which is in turn determined by the film microstructure. As seen 
in figure 1.4, a weak intergranular exchange coupling film exhibits a fat loop with 
a rounded "shoulder" whilst a strong intergranular exchange coupling film exhibits 
a thin, "waisted" loop with a well defined "shoulder". The coercivity decreases 
with increase of intergranular exchange coupling constant. If we compare the loops 
shown in figure 3.24 with figure 1.4, apparently, the CoCrTa on Ti exhibits a weak 
intergranular exchange coupling loop whilst the CoCrTa on Pt, a stronger inter-
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granular exchange coupling loop. The difference in magnetic properties of these 
two films can therefore be attributed to the difference in the intergranular exchange 
coupling constant. The intergranular exchange coupling constant c• is defined by 
equation 1.27, which is proportional to A •, }c and _ri,, where A • is the intergranular 
exchange energy constant which is a function of intergranular non-magnetic separa-
tion, K is the perpendicular crystalline anisotropy constant which depends on the 
[0002] orientation of the grains and D is the grain diameter. As has been shown in 
figure 3.22, the grain diameter of the 2000 A-thick CoCrTa film on Pt underlayer 
is only half of that on Ti underlayer. Such a difference in grain size will make a 
significant difference in the intergranular exchange coupling constant. If we ignore 
the effect of A• and K on c• of the two films for the moment, the intergranular ex-
change coupling constant of the 2000 A-thick CoCrTa on Pt, by equation 1.27, will 
be four times of that on Ti due to the difference in their grain diameter. Therefore, 
the smaller grain diameter of the CoCrTa films on Pt could be the major reason 
for its stronger intergranular exchange coupling constant. The CoCrTa films on Pt 
may also have larger c· because of the reduced atomic shadowing effect by the fine 
grains which will result in smaller intergranular non-magnetic separation or larger 
A•. The better [0002] orientation of CoCrTa films on Pt will lead to a slight reduc-
tion of the intergranular exchange coupling constant. However, the net result would 
be that the CoCrTa films on Pt have stronger intergranular exchange coupling than 
the CoCrTa films on Ti. 
The well defined "shoulder" in the perpendicular loop, according to Zhu and 
Bertram [22], is a consequence of the change in the nucleation field during the mag-
netization reversal process. For a strong intergranular exchange coupling film, the 
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magnetization reversal process starts with an initial nucleation. The initial nucle-
ation field is not affected by the intergranular exchange coupling field. However, the 
intergranular exchange coupling field reduces the nucleation field of the grains at 
the boundaries of the reversed domains. After the first reversed domain nucleates, 
the sum of the external applied field and the local demagnetizing field significantly 
exceeds the nucleation field for the domain wall motion. Therefore, the reversed 
domain expands almost without any change of the applied field and a "shoulder" 
in the beginning of the reversal point on the hysteresis loop results. Evidence of 
the Bloch wall motion was observed in the computer simulation. Big "shoulders" 
have been seen from the loops of Pt/CoCrTa and Au/CoCrTa films of any thickness. 
They are all in line with smaller perpendicular coercivity in comparison with the 
coercivity of Ti/CoCrTa films. This supports the intergranular exchange coupling 
theory. The "well defined shoulders" are also observed in the CoCr films on Ti 
underlayers, as shown in figure 3.1, but the coercivity of such films is about the 
same value as that of the CoCr films without Ti underlayers which exhibit loops 
with rounded "shoulders". This is due to the fact that the perpendicular crystalline 
anisotropy of the the CoCr films without underlayers is very weak, they therefore 
exhibit small perpendicular coercivity. The comparison of the perpendicular coer-
civity as a function of the intergranular exchange coupling can only be made for 
films with the similar perpendicular crystalline anisotropy constant. 
It was also predicted by the computer simulation[22] that the reduction of the 
nucleation field also makes the slope T of the hysteresis loop (T = 41r[dM/dH]M=o) 
no longer equal to unity as in the zero or weak intergranular exchange coupling 
films. The change of slope T has been seen in the CoCrTa films on Pt underlayers 
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(T = 2.32), which supports the computer simulation. However, the slope T of 
the 2000 A-thick CoCrTa films on Ti is not equal to unity either (T = 1.47) as it 
would have been if predicted by the computer simulation for a weak intergranular 
exchange coupling film. Such a discrepancy will be further discussed in section 3.1.13 
in comparison with the particulate model proposed by Chang and Fredkin [71]. 
(b) Surface and bulk coercivity 
As has been shown in figure 3.23, The MOKE coercivity of the CoCrTa films on Ti 
is much larger than the VSM coercivity. It was believed that the MOKE coercivity 
is a measure of surface coercivity and the VSM coercivity, a measure of bulk [90]. 
The difference of surface and bulk coercivity may indicate the non-uniform magneti-
zation reversal through the depth of the film. As has been discussed in section 1.1.4, 
the perpendicular coercivity is a function of the perpendicular crystalline anisotropy 
constant K and intergranular exchange coupling constant c• of the film. For a zero 
or weak intergranular exchange coupling films, the maximum perpendicular coer-
civity is equal to or less than the perpendicular crystalline anisotropy constant. An 
increase in the intergranular exchange coupling will significantly reduces the per-
pendicular coercivity. If we apply such a coercivity theory to different depth layers 
of the Ti/CoCrTa films, we may speculate that the difference in the surface and 
bulk coercivity of the films is caused by the change in the perpendicular crystalline 
ani sot ropy constant and intergranular exchange coupling constant through the depth 
of the film. This appears to be strongly supported by the experimental results. As 
shown in table 3.6, the [0002] orientation of the CoCrTa films on Ti improves as 
the film grows thicker. The improvement of [0002] orientation will increase the per-
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pendicular crystalline anisotropy constant and hence the perpendicular coercivity. 
Another fact is the larger grain diameter of the 2000 A-ihick CoCrTa films on Ti, 
which may suggest that the grains in the CoCrTa on Ti grow much faster in diame-
ter than that on Pt underlayers. As has been seen from equation 1.27, larger surface 
grain diameter reduces the intergranular exchange coupling constant c·, which will 
in turn increase the surface coercivity. The larger surface grains may also result in a 
larger intergranular separation or smaller A" on the film surface due to the enhanced 
shadowing effect, which reduces the c• and increases the surface coercivity further. 
Therefore, it is concluded that the larger surface coercivity of the CoCrTa films on 
Ti underlayers is caused by the improvement of the crystallographic orientation of 
the hcp Co crystals and by the development of large grains as the film grows thicker 
which results in a reduction in the intergranular exchange coupling constant due to 
large grain diameter and possible large intergranular separation. 
3.1.13 The shearing of perpendicular loops 
One of the most interesting phenomena observed in this work is the square and 
desheared perpendicular loops of very thin CoCr films deposited on Ti or Au under-
layers. The shearing of the perpendicular loops of those films also depends on the 
film thickness (figure 3.1). Unsheared square loops or less sheared near square loops 
were obtained for very thin CoCr films on Ti, Au and other underlayers (figure 3.9). 
Normally, the perpendicular loops of CoCr films are sheared because of the de-
magnetizing field along the film normal. The slope T of the loop at coercivity is 
equal to unity. Any deviation from this is considered to be anomalous. The anomaly 
of the shearing of perpendicular loops has been reported by other authors [69] for 
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CoCr films thicker than 250 A. There were various theoretical models to explain this 
phenomenon. 
The first theoretical work to explain the anomalous shearing of the loops of 
CoCr films was proposed by Wielinga and Lodder [69] based on the stripe domain 
model. Their calculation showed that the slope of the hysteresis loops of CoCr 
films increases as the film thickness reduces. The calculated results fit well with 
their experimental measurements. They attributed such an anomaly to the wall-
motion-like magnetization reversal process of the CoCr media. This appears to 
be strongly supported by Zhu and Bertram's computer simulation results in which 
they claimed, as discussed in section 3.1.11, the intergranular exchange coupling 
reduces the nucleation field of the particles at the boundaries of the reversed domains 
and causes wall-motion-like reversal at lower nucleation field after the first reversed 
domain nucleates. Consequently, a "shoulder" and an anomalous shearing of the loop 
results. However, since both the stripe domain model and the computer simulation 
are based on Bloch walls which exist only in films thicker than 400 A [69], it would 
not be adequate to apply them to the very thin films which exhibit square loops. 
Two particulate models were proposed later by Wielinga and Lodder [70], and 
by Chang and Fredkin [71] respectively based on the column structure of the CoCr 
films and taking account of the non-magnetic separation between columns. Both 
models showed that the slope of the perpendicular hysteresis loops of CoCr films 
is a strong function of the thickness and intercolumnar non-magnetic separation of 
the film, particularly when the film is very thin, and concluded that the anomalous 
shearing is caused by the contribution of the columnar shape anisotropy to the total 
perpendicular shape anisotropy of the films. 
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In Chang and Fredkin's model [71] the structure of the perpendicular medium 
is simulated by ferromagnetic single domain columns which are arranged as concen-
tric circles with intercolumnar non-magnetic separation a. The intrinsic saturation 
magnetization of the columns is equal to M. and uniformly perpendicular. For such 
a film structure the perpendicular demagnetizing factor N;, which is different from 
that of continuous perpendicular films, is defined by, 
N[ = 471"- {[N.(D + 2a)- N.( D)]+ [N.(3d + 4a)- N.(3d + 2a)] + · · ·}, (3.1) 
where N.( .. ) (x = D+2a, 3D+2a, 3D+4a, · · ·) is the demagnetization factor taking 
the form for an ellipsoid. D is the column diameter and "a" is the non-magnetic 
gap between columns. 
The slope T of the hysteresis loop is given by[71], 
D r- 1 = (D ){47r-{Nz(D+2a)+[Nz(3D+4a)-Nz(3D+2a)]+ ... }} (3.2) 
471" +a 
It has been shown that the perpendicular demagnetizing factor Nf reduces signif-
icantly due to the intercolumnar non-magnetic gap of "a", particularly when the film 
becomes thinner. Because of the reduction in demagnetizing factor, the hysteresis 
loop of such films becomes desheared. 
The calculated hysteresis loop slope T, with "a" values of 0, 10, 20, 30, 40, and 50 
A, are plotted in figure 3.25(dotted curve). For comparison, our experimental data of 
slope T for CoCr films with and without Ti underlayers are also plotted in the same 
figure. The results, as depicted in figure 3.25, show that for a columnar structure 
with zero non-magnetic gap (a continuous perpendicular film), the loop would show a 
normal shearing and the slope T is equal to unity, independent of the film thickness; 
and that for a columnar structure with a non-magnetic gap a =f. 0, the loop would 
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show anomalous shearing depending strongly on the film thickness and the value 
of "a". For very thin particulate films the slope T of the hysteresis loops deviates 
significantly from 1.0, particularly for films with larger non-magnetic separation "a". 
As the films become thicker, the slope T falls sharply at first and then gradually 
approaches to unity. For very thick films, the anomalous shearing caused by the 
columnar morphology is negligible. For films with intermediate thickness the slope 
T is still slightly higher than 1.0 because of the subtraction of columnar shape 
anisotropy to the total demagnetizing factor. 
As shown in figure 3.2, the slope T of the CoCr films on Ti underlayers appears to 
fit with the calculated results by the particulate model with intercolumnar separation 
greater than 50 A. For very thin CoCr films the slope T of the hysteresis loop is 
much higher than 1.0 ( T = 13.0 for 80 A-thick film). As the thickness of the films 
increases, the slope T drops sharply. For films with intermediate thickness, the slope 
T is slightly higher than 1.0. 
As has been shown by our AES depth profiling and HRSEM examination (fig-
ures 3.16 and 3.20), the very thin CoCr films {160 A-thick) deposited on Ti or 
Au underlayers are not continuous as a result of columnar growth. Therefore, a 
non-magnetic gap of greater than 50 A between the columns can be justified. The 
TEM electron diffraction and x-ray diffraction also show that the very thin CoCr 
films deposited on Ti or Au underlayers exhibit strong [0002] texture. This satisfies 
the assumption of the particulate model that the saturation magnetization of the 
columns is perpendicular to the film plane, which is also supported by our torque 
magnetometer measurement (figure 3.8) and by the TEM Lorentz micromagnetic 
examination (figure 3.17). The Ti underlayer thickness effect on the shape of the 
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loops (figure 3.2) of the 160 A-thick CoCr films also suggests that a good c-aJO.s 
orientation is essential for the unsheared square perpendicular loop. It is therefore 
concluded that the unsheared square perpendicular loop of very thin CoCr films 
deposited on Ti or Au underlayers originates from their excellent [0002] texture and 
the intercolumnar non-magnetic separation. The shape anisotropy of the columns 
of very thin films significantly reduces the perpendicular demagnetizing factor and 
deshears the perpendicular loop of the CoCr films. 
The variation of the shearing of the perpendicular loops shown in figure 3.9 may 
be attributed to the variation in the c-axis orientation distribution or the variation 
in the intercolumnar separation for each individual film. 
The particulate model would not be valid for the CoCr films without Ti under-
layers because of the lack of [0002] texture in such films though the experimental 
data of such films fit with the calculated curve for films with zero non-magnetic 
separation (figure 3.25). 
The particulate model predicts a normal sheared loop (T = 1.0) for continuous 
perpendicular films and a slightly desheared loop for particulate films. This is obvi-
ously in contradiction to the computer simulation results [22] and domain model [69] 
which predict a desheared loop for continuous due to wall-motion-like reversal, and 
a normal sheared loop for particulate medium. Such a contradiction is due to the 
fact that the particulate model takes account of only the columnar shape anisotropy 
effect on the shearing of the loops whilst the computer simulation or domain model 
takes account of only the intergranular exchange coupling effect. Therefore, the 
validity of these two models is limited by its presumed conditions. 
The experimental results in this work show that either particulate media (for 
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instance, CoCrTa on Ti) or continuous films( for instance CoCrTa on Pt) exhibit 
anomalous shearing in their perpendicular loops. The origin of such a phenomenon 
for each case is obviously different. F'or the films with large intergranular separation, 
such as CoCrTa on Ti or the very thin CoCr films on Ti and Au, the intergranu-
lar exchange coupling is negligible. Therefore, the particulate model applies. The 
anomalous shearing of the perpendicular loops for such films is due to the contribu-
tion of columnar shape anisotropy to the total demagnetizing factor. On the other 
hand, for a continuous film, such as CoCrTa on Pt, the intercolumnar exchange 
interaction is no longer negligible, the particulate model is therefore not valid. The 
domain model gives better explanation for such films. 
In conclusion, the slope T of the perpendicular hysteresis loops of Co-based 
perpendicular films can be affected either by the intercolumnar separation or by 
the magnetization reversal process, depending strongly on the film microstructure. 
For films with larger intercolumnar separation, the contribution of the column shape 
anisotropy to the total demagnetizing factor is mainly responsible for the deshearing 
of the loops. The particulate model applies to such a film structure. For perpendicu-
lar films with zero or very small intergranular separation, the intergranular exchange 
coupling controls the magnetization reversal process and the wall-motion-like rever-
sal explains the anomalous shearing of the hysteresis loop. 
3.1.14 Origin of underlayer effect on orientation 
The extensive experimental evidences in this study have shown that the very thin 
CoCr or CoCrTa films deposited on the following underlayers exhibit strong [0002] 
texture: the hcp Ti with [0002] texture, the hcp Ti with [1010] texture, the fee 
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Au with [111] texture, the fee Pt with [111] texture and the amorphous Carbon 
underlayers; the very thin CoCr films deposited on amorphous-like glass substrates 
exhibit a weak [0002] texture and the very thin CoCr films deposited on bee Cr 
underlayers show an in-plane c-axis texture. The crystallographic orientation of the 
the Co-based films is obviously strongly influenced by the underlayers. There has 
been a considerable interest in the underlayer effect on the orientation of Co-based 
media for perpendicular recording [74, 75, 76, 77, 78, 79] as well as for longitudinal 
recording [80]. CoCr films are reported to have an improved [0002] texture when 
deposited on hcp Ti [74, 77], amorphous Ge and Si [74, 78, 79] underlayers. It is 
therefore very important to make a good understanding to such a phenomenon. 
As we discussed in section 1.3, the crystallographic orientation of a coating is 
determined by the oriented nucleation on the substrate surface as well as by bulk 
diffusion. For the very thin CoCr or CoCrTa films deposited by sputtering onto 
water cooled substrates, We only need to consider the effect of nucleation process 
because the bulk diffusion is negligible. Generally, in the nucleation process the 
positions of coating atoms in the initial nuclei will be arranged so that they tend 
to satisfy the minimum nucleation energy criteria. The minimum nucleation energy 
tendency is constrained by the surface mobility of the coating adatoms. When the 
Co-based film nucleates on underlayers, there are two possible mechanisms which 
will lower the nucleation energy; the epitaxial oriented growth, which depends on 
the orientation combination of the hcp Co and the underlayers, and the self-oriented 
growth, which depends on the thermodynamic nature of the hcp Co crystal itself. 
During the minimum energy competition, the one makes the system nucleation 
energy lower will survive and become the dominant growth mechanism. 
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It has been reported by various authors that the (0002) close packed plane of 
an hcp crystal has the lowest surface energy [74, 80]. Therefore, the CoCr film 
has the tendency to grow with the c-axis oriented normal to film plane if it is not 
interfered by the substrate. This is supported by many experimental evidences, 
observed in this study as well as reported by other authors [92, 8, 80, 91], that 
the [0002] orientation of CoCr films deposited on glass substrates improved as they 
grew thicker and that the orientation of CoCrTa films deposited on Cr underlayers 
changed from [1010] texture when they were very thin to [0002] texture when they 
grew thicker. The very good [0002] orientation of very thin Co-based films deposited 
on amorphous C, Si underlayers in this study as well as that deposited on amorphous 
Ge or Si underlayers reported by other authors [74, 79] may be attributed to such 
a self-oriented growth mechanism. The amorphous underlayers serve as "neutral " 
substrate surfaces on which the hcp Co crystals grow freely into the [0002] texture. 
When the Co-based films deposited on amorphous-like glass substrates, The sit-
uation would be different from that on C, Ge or Si amorphous underlayers. The 
amorphous glass substrate is not "neutral" because it contains Oxygen atoms which 
is chemically very active. The oxygen atoms on the glass substrate surface may 
have a strong bonding with the Co adatoms, which may limit the movement of Co 
adatoms to the lattice position for self-oriented nucleation. Consequently, the Co 
atoms on the glass surface would not be able to nucleate freely. In addition, the 
additives of K and Na in the glass may also form a kind of short range order or 
micro-crystals which may interfere with the oriented nucleation of Co crystals. 
When the Co-based films are deposited on crystalline underlayers, the orientation 
of the initial nucleation layers will be affected by the crystallographic orientation 
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of underla.yers. The epita.xial growth mechanism a.pply to such ca.ses. The good 
[0002] texture of CoCr a.nd CoCrTa. films deposited on [0002] textural hcp Ti a.nd 
on [111] textural fee Pt or Au, a.nd the [1010] texture of CoCr a.nd CoCrTa. on 
[110] or [100] textural bee Cr underla.yers ca.n be attributed to the epita.xial growth 
mechanism. However, the epita.xial growth is a. very complex phenomenon. So fa.r 
there is no complete theory to predict epita.xial growth in a.dva.nce from the physical 
properties of the substra.te a.nd the deposit [59]. Experiments ha.ve shown tha.t 
the over-growth a.ppea.rs to exhibit the like-la.ttice-pa.ttern of underla.yers. But, the 
lattice misfit between the over-growth a.nd the underla.yer does not pla.y a. decisive 
role [59] during the epita.xial growth because the elastic energy created by the lattice 
distortion due to misfit ca.n be ea.sily compensated for by misfit dislocations [60]. 
The experimental results in this study strongly support this. The la.rge lattice misfit 
between the (0002) hcp Co a.nd (0002) hcp Ti or (111) fee Pt a.nd Au a.ppea.rs not 
to ha.ve a.ny effect on the [0002] orientation of the hcp Co. High density stacking 
fa.ults ca.n also be seen in our TEM bright field ima.ges of very thin CoCr films a.nd 
its underla.yers(figure 3.14). 
It wa.s found in this study a.s well a.s reported by other authors [77] tha.t the 
[1010] textural Ti underla.yers is also a. good substra.te for [0002] textural Co-ba.sed 
films. The rea.son for tha.t is not clea.r. One possible expla.na.tion is tha.t on the very 
top surface of the [1010] textural Ti underla.yers, where the [0002] hcp Co nucleates, 
there a.ctua.lly exist ma.ny (0002) pla.ne lattice patterns because the hcp Ti ha.s the 
tendency to evolve into the [0002] texture, a.s the hcp Co does, a.s the film grows 
thicker. Those (0002) lattice patterns, which ma.y be too thin a.nd too tiny to be 
detected by x-ra.y diffraction or electron diffraction, provide the low energy site for 
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the oriented nucleation of [0002] textural hcp Co crystals. 
In conclusion, the texture of the very thin CoCr and CoCrTa films is determined 
by the thermodynamic nature of hcp Co crystal itself and the nature of the surface 
of underlayers or substrates on which it grows. Amorphous underlayers, such as C, 
Si and Ge provide "neutral" substrate surfaces for the [0002] self-oriented growth 
of hcp Co-based films. Hcp Ti and [111] textural fee Pt, Au underlayers favour the 
[0002] oriented epitaxial growth of hcp Co-based films. [110] or [100] textural bee Cr 
underlayers favour the [1010] oriented growth of hcp CoCr or CoCrTa films. Chemi-
cally active substrates or random oriented polycrystalline substrates are detrimental 
to the oriented growth of Co-based films. 
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3.2 CoNbFe soft magnetic backlayer 
Various soft magnetic thin films have been used as "soft" back-layers in perpendic-
ular magnetic recording systems [89, 94]. These films are required to have excellent 
soft magnetic properties such as high saturation magnetization, small coercivity and 
high permeability. It has been reported by different authors [95, 96] that CoNbFe 
amorphous films exhibit much better properties than permalloy and other soft mag-
netic films, such as zero magnetostriction, very small coercivity, very high saturation 
magnetization and permeability, good corrosion resistance and high resistivity. In 
the Co-Nb-Fe system, Nb functions as a glass forming element. It had been re-
ported [100] that the minimum Nb concentration to form a stable amorphous state 
was about 8 at%. The saturation magnetization of the amorphous films follows 
a straight line decreasing with the increase of the Nb concentration. Amorphous 
CoNbFe films with very high saturation magnetic inductance (Bs=l4.3 kG} had 
been prepared by H. Sakakima [95]. The saturation magnetostriction of the CoNb 
binary system is slightly negative and independent of the Nb content of the films. 
The addition of adequate amount of Fe makes it possible to produce zero magne-
tostriction amorphous films. The suitable concentration of Fe was reported to be 
2 to 4 at% [96]. 
This section presents a detailed study on the magnetic properties and thermal 
stability of Co84 Nb12Fe4 amorphous films deposited by RF -sputtering on glass sub-
strate. 
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3.2.1 Magnetic properties of CoNbFe films 
The as-deposited Co86 Nb12Fe4 films exhibit a uniaxial anisotropy. The saturation 
magnetic induction is about llkG. Both the electron diffraction and the X·ray diffrac-
tion analysis show that the film structure is amorphous. A very thin Ti adhesion 
layer could be used to improve the adhesion between the CoNbFe film and the glass 
disc substrate. No effect of this adhesion layer on the magnetic properties was 
observed. 
Figure 3.26 shows the dependence of coercivity He on the thickness of CoNbFe 
films deposited on chemically strengthened glass disc substrates and on microscope 
slide substrates without Ti adhesion layer in the thickness range of 30 A to 13800 A. 
The coercivity was measured by transverse Kerr magneto-optic system for the thin-
ner films(from 30 A to 5000 A) and by inductive B-H loop plotter for thicker films 
(from 400 A to 13800 A). No significant difference between these two measurements 
was observed, as can be seen from figure 3.26. The coercivity is also independent of 
the surface roughness on these two substrates, but a strongly dependent on the film 
thickness. The value of He changes from 14 Oe for 30 A-thick films to 0.0125 Oe for 
13800 A-thick films. 
A theoretical estimate of the thickness dependence of the easy direction coercivity 
has been made by N eel [98]. Because the domain wall energy is a function of the film 
thickness, the part of the coercivity which is thickness dependent can be written: 
H () = _1_[8uw Uw at] 
c t 2M. 8z + t 8z ' {3.3) 
where t is the film thickness and Uw is the domain wall thickness. 
For Bloch walls with wall motion reversal mechanism, equation 3.3 can be eval-
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ua.ted a.s, 
(3.4) 
The thickness dependence of Neel's theoretical predictions for domain wall mo-
tion coercivity is plotted in figure 3.26. The coercivity of CoZr Films [97] is also 
plotted in the figure for comparison. 
As shown in figure 3.26, the thickness dependence of coercivity could be divided 
into three regions throughout the thickness range. The first region is from 15000 A 
to 400 A, where the experimental coercivity of both CoNbFe a.nd CoZr films approxi-
mately follows the Neel formula.. The dominant coercivity mechanism for this region 
could, therefore, be assumed to be wall motion coercivity mechanism a.s predicted 
by Neel [97, 98]. 
The second region is from 400 A to 100 A, where the experimental coercivity 
of both CoNbFe a.nd CoZr films shifts from the t-4/ 3 la.w, showing less thickness 
dependence. Ja.gielinski [97] attributed the deviation from the Neel formula. to the 
existing of Neel wall rather tha.n Bloch wall in this region because for Neel walls, the 
coercivity wa.s found to be independent of thickness [99] a.nd the Neel wall might be 
expected to occur in this thickness range according to the wall energy theory [98]. 
The third region is when films a.re thinner tha.n 100 A, where the coercivity of 
the CoNbFe films increases sharply as film thickness reduces, approximately fitting 
the t-4/ 3 la.w a.ga.in. However, it might not be reasonable to assume the coercivity 
mechanism to be Neel's wall motion mechanism for this region because Bloch walls 
might not exist in these extremely thin films due to the very high wall energy. The 
interface effect on the magnetic domains might be mostly responsible for the sharp 
increase of coercivity in this region. Further studies are needed to understand this. 
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Figure 3.27: Substrate bias effect on He and Hk of 4600 A-thick CoNbFe films . 
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Figure 3.28: Sputtering power dependence of He and Hk of CoNbFe films(8500A), also 
shown the deposition rate and final substrate temperature. 
3.2. CoNbFe SOFT MAGNETIC BACKLAYER 131 
The coercivity of CoNbFe films is always smaller than that of CoZr films in the 
whole thickness range, as shown in figure 3.26. This could be attributed to the nearly 
zero saturation magnetostriction of the Cos4Nb12Fe4 films due to the addition of the 
small amount of Fe [95). 
The thickness dependence of the anisotropy field H~c is also shown in figure 3.26. 
The value of H~c changes from 943 Oe film with thickness of 30 A to 14 Oe for film 
with thickness of 10000 A. The dependence of H,. on film thickness of thinner films 
is much stronger than that of thick films. No significant effect of the two different 
substrates on H,. was observed in this study. 
Figure 3.27 shows the substrate bias effects on He and H~c of 4600 A-thick as-
deposited films. The coercivity of the as-deposited films appears to be not affected 
by substrate bias when substrate bias is between 0 V and -100V. The anisotropy 
field H~c shows a slight decrease as the amplitude of the negative substrate bias 
increases from 0 to 80V. A further increase of negative substrate bias above 100V 
results in a sharp increase of the coercivity (15 Oe for Vb = -160V) and a slight 
increase of H~c. 
Figure 3.28 shows the sputtering power dependence of He and H~c of 8500 A-
thick CoNbFe films. These films were made under different sputtering power, but 
the same thickness by controlling the deposition time. The deposition rate and 
the final substrate temperature under different sputtering power is also shown in 
figure 3.28. As can be seen, when sputtering power increases, both the deposition 
rate and substrate temperature increase. However, the magnetic properties are 
insensitive to these changes. 
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Figure 3.29: DTA curves for CoNbFe films at heating rate of 5 and 10 °C /min respectively. 
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3.2.2 Thermal stability 
The thermal stability of the CoNbFe films was studied by Differential Thermal 
Analysis (DTA) method as well as by thermal annealing. Samples for DTA were 
30000 A-thick films peeled off from a glass disc substrate, about 5 mg in weight 
for each run. Figure 3.29 shows the DTA curves of the CoNbFe films measured at 
two different heating rates, i.e. at 5 and 10°C/min. Two main exothermic peaks 
in each curve were observed at 470°C and 557°C for heating rate of 5°C/min, and 
at 482°C and 570°C for heating rate of 10°C/min. The first peak is due to the 
crystallisation of the film from amorphous to crystalline state. The second peak 
may be due to the phase change from one crystalline state to another. The different 
peak temperature values at different heating rate reflect some information on the 
kinetics of the crystallisation process. 
The thermal annealing was undertaken by heating samples in an oven with an 
air atmosphere from room temperature to 300, 400, 450 and 500°C and holding on 
each temperature for 30 min respectively. The samples for thermal annealing were 
10000 A-thick CoNbFe films deposited on glass disc substrate and coated with an 
800 A-thick Si02 top layer to prevent the film from oxidation during annealing. 
The coercivity He and anisotropy field H,. were measured after annealing and results 
are shown in figure 3.30. From figure 3.30 we can see that the magnetic properties 
of the films are quite stable when the annealing temperature is below 400°C. A 
slight decrease of ·H,. after annealing could be attributed to the stress release by 
the thermal annealing process. When the annealing temperature increases to 450°C 
or over, both the He and H~~: increase sharply. These results agree very well with 
the DTA results, both of which suggest that crystallisation process occurs in the 
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CoNbFe films when temperature is above 450°C. 
3.2.3 Summary 
Co84 Nb12Fe4 amorphous films were deposited by RF-sputtering on to chemically 
strengthened glass disc substrates as a back-layer for perpendicular magnetic record-
ing computer discs. Very low coercivity down to 0.0125 Oe is achieved for films of 
10000 A-thick with a uniaxial anisotropy field of 14 Oe and saturation magnetic 
induction of 11 kG. Coercivity and anisotropy field were studied over a thickness 
range from 30 A to 15000 A and found to be a strong function of film thickness. 
The thickness dependence of coercivity follows Neel formula (He <X t-413 ) when films 
are thicker than 400 A. A low substrate bias during sputtering has no effect on coer-
civity and reduces H~~: slightly. A high substrate bias (above -120V) is detrimental 
to the soft magnetic properties of the films. The crystallisation temperature of the 
amorphous films is about 450°C. The thermal stability of the film is very good from 
room temperature to 400°C. 
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3.3 Read/write using MIG heads 
The recording performance of 3.5" rigid disks with single-layer CoCrTa media on 
Ti and Pt underlayers was examined by using 8mm video MIG heads. Two types 
of MIG heads were used: (1) gap length 0.15 pm, track width 30pm, number of 
turns 20 and saturation magnetization of the metal 14.5 kG; (2) gap length 0.3 
pm, track width 25pm, number of turns 23 and saturation magnetization of the 
metal(CoNbFe) 11 kG. A non-flying head supporting mechanism [93] was used for 
the contact recording experiment. Each disk was coated with an 80 A-thick carbon 
protective film and a liquid lubricant layer. The magnetic properties of the CoCrTa 
films on Pt and Ti underlayers for these disks are similar to that discussed in the 
previous section. Typical perpendicular loops of the CoCrTa films of 2000 A-thick 
on Pt and Ti underlayers are as shown in figure 3.24. The properties of the six disks 
tested are summarized in table 3.7. 
Table 3.7: Summary of the properties of six single-layer disks 
Olek Underlayer CoCrTa(A) 6e50(deg) Hc(VSM) (Oe) Hc(M-0) (Oe) 
01 Pt(900A) 2000 4.8 700 730 
02 TI(900A) 2000 4.8 2000 2080 
03 Pt(900A) 880 4.9 700 750 
04 TI(900A) 880 5.8 1225 2250 
05 Pt(900A) 440 4.8 500 1125 
08 TI(900A) 440 8.8 1000 1875 
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Figure 3.31: Readback voltage versus write current for the disks with 2000 A-thick CoCrTa 
media on Pt and Ti underlayers. MIG head gap length is 0.15J.Lm. 
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For recording experiment using the MIG heads with gap length of 0.15~tm, the 
read back voltage was measured by a spectrum analyser in terms of fundamental 
frequency component. The unit of the readback voltage is dBm, where the reference 
voltage was set to 450 nVo-p/~tm·turn·m/s. The head-medium relative velocity was 
3 m/s. The D50 density from the fundamental curve is defined as the density at 
which the output signal is 6 dB lower than the maximum output level. The write 
current (Iw) for each disk was determined from the input-output curves. The typical 
input-output curves for the 2000 A-thick CoCrTa media on Pt and Ti underlayers 
are shown in figure 3.31, where the write current corresponding to the maximum 
output was chosen as lw. 
For recording experiment using the MIG heads with gap length of 0.3~tm, the 
read-back voltage was measured by an oscilloscope in terms of peak-to-peak ampli-
tude. The head-medium relative velocity was 8.4 m/s. The unit of the read-back 
voltage is n V p-p/ ~tm·turn·m/s. The writing current lw was also determined from 
the maximum output point of the input-output curve. 
3.3.1 Experimental measurement of bit density response 
The bit density response curves of disks Dl, D2, D3, D4, D5 and D6, listed in 
table 3.7, measured by 0.15 IL gap length MIG head in terms of fundamentals, are 
shown in figure 3.32 for CoCrTa media with thickness of 2000, 880 and 440 'A on Pt 
underlayers and figure 3.33 for different thickness CoCrTa media on Ti underlayers 
respectively. It can be seen from figure 3.32 that for CoCrTa on Pt underlayers, 
the output signal level increases with the CoCrTa film thickness. In low density 
region, such an increase is proportional to the film thickness. However, the 2000 
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Figure 3.32: Bit density response(fundamentals) of different thickness of CoCrTa media 
on Pt underlayers measured by narrow gap MIG head. 
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Figure 3.33: Bit density response(fundamentals) of different thickness CoCrTa media on 
Ti underlayers measured by narrow gap MIG head. 
3.3. READ/WRITE USING MIG HEADS 141 
A-thick medium shows much higher output signals in the high density region than 
the thinner media, for instance, the difference of the output signal between the 
2000 A-thick medium and 880 A-thick medium is orily 10 dB at 10 KFRPI, but 
18 dB at 100 KFRPI. The maximum output for the 2000 A-thick medium is 80 
n Vo-p/ p,m·turn·m/s at 68 KFRPI. The D 60 density for the 2000 A-thick medium 
on Pt estimated from the fundamentals is 160 KFRPI, which is equivalent to an 
areal density of 4 Gb/in2 if projected with a track density of 25.4 KTPI. The D60 
densities for the 880 and 440 A-thick media are 110 and 100 KFRPI respectively. 
The bit density response of the media with thickness of 880 A and 440 A on 
Ti underlayers (figure 3.33) is better than that of the same thickness media on 
Pt underlayers. The estimated D50 densities are 130 and 120 KFRPI respectively. 
However, for the 2000 A-thick CoCrTa on Ti, the output voltage is not as high as 
that of 2000 A-thick CoCrTa medium on Pt underlayer. The maximum output is 
50 % (6dB) lower than that of the same thickness CoCrTa on Pt. The estimated 
D50 is orily 110 KFRPI. 
The bit density response curves for disks D1, D2, D3 and D4, measured by the 0.3 
p,m gap length MIG head in terms of peak-to-peak amplitude, is shown in figure 3.34. 
These curves are initially near flat in low density region. As the bit density increases, 
all the curves rise and exhibit a voltage peak before the falling starts. This is a result 
of pulse crowding for di-pulse waveform (figure 3.35 ). The output voltage level shown 
in figure 3.34 is proportional to the coercivity and thickness of the media. The 2000 
A-thick CoCrTa on Ti underlayer (He = 2000 Oe) exhibits higher output voltage 
than the same thickness CoCrTa on Pt underlayer(Hc = 700 Oe). For the 880 A-
thick media, the one on Ti underlayer also exhibits higher output because of its 
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Figure 3.35: Typical isolated waveforms measured for disk Dl and D2 at 0.25 MHz by 
MI G head with gap length of O.l5J.Lm and 0.30J.Lm respectively. 
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higher coercivity. The D60 density of all four disks has the same value of 90 KFRPI, 
which is obviously head gap length limited. 
All the disks produce quite similar isolated waveforms which are asymmetrical 
di-pulses with di-pulse ratio varying from 0.50 to 0. 70. Typical isolated waveforms 
measured at 0.25 MHz are shown in figure 3.35(a) for disk D1 with narrow gap 
MIG head, and figure 3.35(b) for disk D2 with wide gap MIG head. If we compare 
these waveforms with figure 1.10, they do not match with the reproduced waveform 
calculated from a perfect perpendicular transition with ring/single combination (fig-
ure 1.10(b ). Similar isolated waveforms had been obtained for the ring/ single com-
bination by Hokkyo et al [14]. This behaviour was understood to be caused by the 
asymmetric recorded perpendicular magnetization distribution along the isolated 
transition due to the perpendicular demagnetizing field away from the transition 
centre [4, 9]. 
3.3.2 Analysis of the recording and reproducing process 
(a) Maximum writeable medium coercivity by MIG heads 
It is assumed for the contact perpendicular recording that the actual magnetization 
reversal during the writing process is characterized by the intrinsic perpendicular 
loop [15] because the high permeability head material can significantly reduces the 
surface magnetic charge and hence deshears the perpendicular loop. Therefore, 
magnetization reversal takes place when the perpendicular field component of the 
write head exceeds the coercivity of the medium. If the coercivity of the medium 
is higher than the maximum field the write head can produce, the information will 
not be effectively recorded. The maximum writeable medium coercivity of the MIG 
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Table 3.8: Maximuni writeable coercivity by MIG heads with gap length of 0.15 and 0.30 
p.m for media of different thickness. 
Maximum wrltable medium coerclvlty (Oe) 
Medium thickness g=Oo15J.Lm, Bs=14o5kG g=Oo30J.Lm, Bs=11kG 
0 
2000A 1583 2583 
0 
880A 3010 4003 
• 440A 4120 4950 
heads used in this study is calculated by using Karlquist approximation and is given 
by, 
H( ) _0.8B. 1 (d+5)
2 +g2 
c maz - 271' n ( d + 5)2 , (3.5) 
where the saturation magnetic induction B. of the metal in the MIG heads is 14,5 kG 
for heads with gap length of O.l5p.m and 11 kG for the heads with gap length of 
0.3p.m respectively, the head-medium spacing d for both cases is assumed to be 
300 A, the thickness of the medium 5 is 440, 880 and 2000 A respectively. The 
maximum writeable coercivity of the media is calculated with reference to the middle 
plane of the medium (half thickness plane) and results are summarised in table 3.8. 
It can be seen from the table that the maximum writeable medium coercivity of 
a head is a function of head gap length and medium thickness. For media with 
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thickness of 440 and 880 A, The maximum writeable coercivity by both types of 
MIG head is far greater than the actual coercivity of the medium (see table 3.7). 
Head saturation for these media would not occur. For the medium with thickness 
of 2000 A, the maximum writeable coercivity by the MIG head with gap length of 
0.15~Lm is only 1563 Oe which is smaller than the actual coercivity of the 2000 A-
thick CoCrTa films on Ti (2000 Oe measured by VSM). Therefore head saturation 
may occur for such a high coercivity medium. However, if a MIG head with larger 
gap length (0.3~Lm) is used, head saturation would not occur because, as shown in 
table 3.8, the maximum writeable medium coercivity for such a head is 2583 Oe 
which is greater than the actual medium coercivity. 
(b) Calculation of bit density response 
The reproduced voltage of fundamental frequency level versus bit density for single-
layer medium with ring head can be calculated by equation 1.45. For normalised 
output, it can be written, 
e( k) 10_8 M" 1 - e-le6 -lc(d+e~) sin( 1.136kg /2) _.:........:.._ = 47r x o e . NvW11 kc 1.136kgj2 
(3.6) 
As discussed in section 1.2.3, the demagnetizing field away from the transition 
m perpendicular recording shears the perpendicular loop and hence reduces the 
recorded magnetization amplitude. The recorded perpendicular magnetization am-
plitude M in perpendicular transition is given by [4], 
(3.7) 
where He is the coercivity of the medium and T is the slope of the perpendicular 
hysteresis loop (T = [ 4~~M]M=o). For normal sheared perpendicular loop, T = 1.0, 
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therefore, M = He/471". However, as has been seen in section 3.1.13, T is normally 
not equal to unity because of the effect of the intercolumn separation on the per-
pendicular shape anisotropy or the effect of intergranular exchange coupling on the 
nucleation field during the magnetization reversal. T is also a function of bit den-
sity because the demagnetizing field decreases as the bit density increases [4]. It 
is therefore necessary to consider the above effects on the recorded perpendicular 
. magnetization amplitude for the calculation of bit density response. 
By considering the anomalous shearing of the perpendicular loop and the bit 
density dependence of the demagnetizing coefficient for each bit, the slope T(k) of 
the hysteresis loop as a function of bit density can be written, 
T(k)=T k5 , 1 - e-lc6 (3.8) 
where k is the wavenumber (k = 271"/>..), T is the slope of perpendicular hysteresis 
loop measured by VSM, and the dependence of the demagnetizing coefficient on the 
bit density takes the form proposed by Bertram [4] based on perfect perpendicular 
sinusoidal magnetization pattern. 
The dependence of the recorded perpendicular magnetization amplitude M(k) 
on the bit density can be calculated by equations 3.8 and 3. 7 and is written as, 
{ 
L...4H 1 ~.. if M(k) <M, M(k) = " -• 
M, if M(k) ~ M,, 
(3.9) 
where the perpendicular M-H loop is assumed to be rectangular after the demagne-
tization correction. The calculated recorded perpendicular magnetization amplitude 
as a function of bit density for the 2000 and 880 A-thick CoCrTa films on Pt and 
Ti underlayers are shown in figure 3.36. The slope T used for calculation is 1.42 for 
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CoCrTa on Ti and 2.32 for CoCrTa on Pt. Other properties are the same as listed 
in table 3.7. 
It can be seen from figure 3.36 that the recorded magnetization amplitude in all 
cases increases as the bit density increases. This is a typical feature of perpendicular 
transition as a result of transition interaction. However, for the thicker films (2000 A) 
such increases are much sharper than the thinner ones. The perpendicular coercivity 
of the medium also makes big difference. For the 2000 A-thick CoCrTa on Ti(Hc ,; 
2000 Oe), the magnetization reaches maximum (M= M.) at 80 KFRPI while for the 
same thickness CoCrTa on Pt (He = 700 Oe), the magnetization reaches maximum 
at 170 KFRPI. It is obvious that a thicker film with larger coercivity is advantageous 
for high output in perpendicular recording. However this is constrained by the head 
saturation as discussed a moment ago and also by the medium thickness loss. 
The bit density response of the output voltage in terms of fundamentals is calcu-
lated by equation 3.6 for the above four disks with MIG head of gap length 0.15 JLm, 
where the dependence of the recorded perpendicular magnetization amplitude takes 
the form of equation 3.9. The hysteresis loop slope T was 1.42 for the CoCrTa on Ti 
and 2.32 for the CoCrTa on Pt. The calculated voltage amplitude was normalised 
with reference to the measured output voltage of the 2000 A-thick CoCrTa on Pt 
at 4.23 KFRPI. The calculated results for disks D1, D2, D3 and D4 are plotted in 
Figure 3.37 (a), (b), (c) and (d) respectively. The measured data were also plotted 
in the corresponding figures for comparison. It can be seen from the_ figure that 
the calculated output level at low density region matches with the experimental 
data reasonably well for all the disks except for disk D2. The difference between 
the calculated and measured appears in the high density region. The most likely 
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Figure 3.36: The recorded perpendicular magnetization amplitude as a function of the bit 
density calculated for disks Dl, D2, D3 and D4. 
reason for that is the spacing loss due to a small tilt of the recording heads . This 
is shown in figure 3.37 (a), (c) and (d), where the calculated output curves were 
plotted with different head-medium spacing. It can be seen from these figures that 
the experimental data in high density region for disks Dl, D3 and D4 match closely 
with the calculated curves for head-medium spacing of 700 A, 1600 A and 1000 A 
respectively. Such a big variation in the head-medium spacing is possible if consider 
the effect of the head-tilting during the measurement. It was found during the mea-
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Figure 3.37: Comparison of calculated and measured bit density response curves . 
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ring head 
CoCrTa 
8 = arcSin 0.14/15 = 0.5 degree 
(a) 
carbon + lub. 
0.021J.m 
CoCrTa 
8 = arcCos (R-0.14)/R = 0.3 degree 
(b) 
Figure 3.38: Schematic illustration of the increase of head-medium spacing by a small 
tilting of the MIG head along the track-width direction (a) or along the medium moving 
direction (b). 
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surement that the output voltage was very sensitive to the head alignment. This can 
be further demonstrated by figure 3.38(a) and (b). As shown in the figure, either a 
tilt of 0.5 degree of the head along the track width direction (figure 3.38( a)) or a 0.3 
degree along medium moving direction (figure 3.38(b)) will result in a head-medium 
spacing of 1600 Afor a head with track-width of 30p.m. It is therefore very impor-
tant to make a very accurate alignment for the MIG head, or considerable spacing 
loss will occur in the high density region. It can be seen from figure 3.38(a) that 
a narrower track-width would be advantageous to the reduction of the spacing loss 
caused by the tilting of heads. The minimum head-medium spacing achieved in the 
above experiment appears to be greater than 700 A if estimated from the spacing 
loss calculation. The head-medium alignment for disks D3 and D4 apparently was 
not optimised. 
·The discrepancy between the calculated output and the measured ones for disk 
D2 ( see figure 3.37(b)) was due to the head saturation problem because the 2000 
A-thick CoCrTa on Ti has too high coercivity to be effectively written by the narrow 
gap MIG head. This has been shown in table 3.5. The medium would give much 
higher output if a higher saturation magnetization head, or a wide gap head is used. 
The results obtained by using the wide gap MIG head for this medium given in 
figure 3.34, which show the 2000 A-thick CoCrTa medium on Ti exhibited higher 
output than the same thickness medium on Pt. also confirm that. 
3.3.3 Medium noise measurement 
The medium noise was measured at the de erased state. As discussed in section 1.2.5, 
the perpendicular medium noise decreases with increasing bit density, the de erased 
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Table 3.9: Results of medium noise measurement for disks Dl, D2, D3 and D4. 
Olak Underlayer CoCtTa(.\) Medium nolae(~v rma) 8NR(medlum)(dB) 8NR(ayalem)(dB) 
01 Pl(tOOA) 2000 2.85 21.4 22.7 
02 Tl(tOOA) 2000 0 .811 40.8 28.2 
03 Pt(tOOA) 110 1.15 28.7 18.7 
04 Tl(tOOA) 110 0.402 43.5 21.4 
medium noise may therefore represent the maximum medium noise. In the measure-
ment , the total system noise voltage, measured over system bandwidth of 30MHz, 
was 5.82 11-V rms. The medium noise for all the disks measured are much smaller 
than the system noise. Results are given in table 3.9 for disks Dl , D2, D3 and D4. 
As shown in table 3.9, the disks with Ti underlayers exhibit smaller medium noise 
and higher SNR than the disks with Pt underlayers. This supports Zhu's computer 
simulation prediction (26] that a stronger intergranular exchange coupling results in 
a higher medium noise. As has been discussed in section 3.1.12, the CoCrTa media 
on Ti underlayers are weakly intergranular exchange coupled because of their large 
grain size and possible large intergranular non-magnetic separation. It is therefore 
expected to have lower noise for such media. However, as has been seen from our 
SEM topography in figure 3.22, the grain size of CoCrTa on Pt underlayers is much 
smaller than that on Ti underlayers . The CoCrTa films on Pt also exhibit better 
crystographic orientation , as shown in table 3.6. The smaller grain size and strong 
perpendicular crystalline anisotropy will, as shown by equation 1.47, favour higher 
SNR if the intergranular exchange coupling energy constant A • can be made small 
enough. Therefore, the CoCrTa/ Pt films can still be the favourite candidate for high 
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density and low noise media if the intergranular exchange coupling can be reduced. 
3.3.4 Summary 
Contact recording performance of single magnetic layer CoCrTa media with Ti and 
Pt underlayers on 3.5" glass disks are examined using two types of MIG heads. The 
achieved D50 density is 160 KFRPI for the 2000 A-thick medium on Pt underlayers 
using MIG heads of gap length 0.15 p.m. The maximum output voltage (funda-
mentals) is 80 nVo-p/p.m·turn·m/s for the same disk. Experimental and theoretical 
analyses of the read/write processes show both the achievable D50 density and the 
reproduced output level for these media are head field and head-medium spacing 
limited. Noise measurement shows all the media exhibit noise much lower than 
the electronic noise. Lower medium noise and higher SNR are achieved by the me-
dia with Ti underlayers, which supports the intergranular exchange coupling noise 
theory. 
-------
Chapter 4 
Conclusions and future work 
4.1 Conclusions 
Pronounced effect of underlayers on the squareness and anomalous shearing of the 
perpendicular loops of very thin CoCr films was observed by MOKE and VSM mea-
surements. The shearing of the perpendicular loops also depends on the film thick-
ness, especially when the film is very thin. It was found by x-ray diffraction, electron 
diffraction, Lorentz micromagnetic examination and torque curve measurement that 
the very thin CoCr films with square and desheared perpendicular loops exhibit ex-
cellent perpendicular c-axis orientation and strong perpendicular anisotropy. Film 
microstructure examination by HRSEM, TEM and Auger depth profiling suggests 
a columnar growth and discontinuous nature of the very thin CoCr films. Experi-
mental results were compared with the recent particulate model and domain model. 
It was concluded that the square and desheared perpendicular loops of very thin 
CoCr films originated from their strong perpendicular anisotropy and large inter-
granular nonmagnetic separation. The slope T of the perpendicular hysteresis loops 
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of Co-based perpendicular films can be affected either by the intercolumn separa-
tion or by the magnetization reversal process, depending on the film microstructure. 
For films with larger intercolumn separation, the contribution of the column shape 
anisotropy to the total demagnetizing factor is mainly responsible for the deshearing 
of the loops. The particulate model applies to such a film structure. For perpendicu-
lar films with zero or very small intergranular separation, the intergranular exchange 
coupling controls the magnetization reversal process and the wall-motion-like rever-
sal explains the anomalous shearing of the hysteresis loop. This was also supported 
by the experimental results of CoCrTa films on Pt and Ti underlayers. 
Study of the orientation relationship between the Co-based films and their un-
derlayers suggests that the texture of the very thin CoCr and CoCrTa films is de-
termined by the thermodynamic nature of hcp Co crystal itself and the nature of 
the surface of underlayers or substrates on which it grows. Amorphous underlayers, 
such as C, Si and Ge provide "neutral" substrate surfaces for the [0002] self-oriented 
growth of hcp Co-based films. Hcp Ti and [111] textural fee Pt, Au underlayers 
favour the [0002] oriented epitaxial growth. [110] or [100] textural bee Cr under-
layers favour the [10IO] oriented growth. Chemically active substrates or random 
oriented polycrystalline substrates are detrimental to the oriented growth of eo-
based films. 
The CoCrTa films on Ti underlayers exhibit much larger perpendicular coer-
civity than the same films on Pt underlayers. The magnetic and microstructure 
measurements for these films support the intergranular exchange coupling theory, 
and suggest that the larger perpendicular coercivity of the CoCrTa films on Ti was 
mainly due to the large grain diameter and possible large intercolumnar separation 
4.1. CONCLUSIONS 157 
in the film, which results in a reduction in the intergranular exchange coupling con-
stant. The big difference between the surface and bulk coercivity of the CoCrTa 
films on Ti underlayers was attributed to the improvement of the crystographic ori-
entation of the hcp Co crystals and the development of large grains as the film grows 
thicker which caused the reduction in the surface intergranular exchange coupling 
due to large grains as well as large intergranular separation. 
Co84 Nb12Fe4 amorphous films were investigated as a back-layer for double layer 
media. Very low coercivity down to 0.0125 Oe was achieved for films of 10000 A-
thick with a uniaxial anisotropy field of 14 Oe and saturation magnetic induction 
of 11 kG. Coercivity and anisotropy field were studied over a thickness range from 
30 A to 15000 A and found to be a strong function of film thickness. The thickness 
dependence of coercivity follows the Neel formula when film thickness is greater than 
400 A. The crystallisation temperature of the amorphous films is about 450°C. The 
CoNbFe amorphous films exhibit good thermal stability when temperature is below 
400°C. 
Contact recording performance of single magnetic layer CoCrTa media with Ti 
and Pt underlayers on 3.5" glass disks are examined using two types of MIG heads. 
The achieved D50 density is 160 KFRPI for the 2000 A-thick medium on Pt un-
derlayers using MIG heads of gap length 0.15 IJ.m. The maximum output voltage 
(fundamentals) is 80 nVo-p/IJ.m·turn·m/s for the same disk. Experimental and the-
oretical analyses of the read/write processes show both the achievable D50 density 
and the reproduced output level for these media were head field and head-medium 
spacing limited. Noise measurement shows all the media exhibit noise much lower 
than the electronic noise. Lower medium noise and higher SNR were achieved by 
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the media with Ti underlayers, which supports the intergranular exchange coupling 
noise theory. 
4.2 Future work 
The CoCrTa film on Pt underlayer exhibits excellent perpendicular crystallographic 
c-axis orientation and fine grains. Further development of such films towards the 
lower intergranular exchange coupling would be of interest to the future very high 
density and low noise media. It is also necessary to undertake further microstructural 
and micromagnetic examinations of these films by high resolution TEM and high 
resolution Lorentz microscopy and to combine such studies with the medium noise 
measurement, particularly, the observation of intergranular nonmagnetic separation 
by HRTEM lattice images and the observation of micromagnetic structure of the 
films with different noise performance. 
The CoNbFe films exhibit very good soft magnetic properties which can be used 
as a soft magnetic backlayer for double layer media. Limited experimental results 
in this work have shown that there was a significant difference in the perpendicu-
lar coercivities of the Co-based media deposited on Ti or Pt underlayers with the 
amorphous CoNbFe films and deposited on the same thickness Ti or Pt underlayers 
without CoNbFe films. This may be due to the difference in the grain morphology 
caused by the existence of amorphous CoNbFe films. Further experimental study is 
needed to understand such a phenomenon as well as the effect of CoNbFe films on 
the reproduced voltage and noise performance of the Co-based media. 
Results in this work have shown that the recording performance of the disks was 
head field and head-medium spacing limited. High linear density requires narrow 
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gap ring heads or narrow pole width single pole heads. However, the write field 
of a head would be significantly reduced by the narrower gap. On the other hand, 
low noise media always requires recording heads with high write field because of 
the high coercivity of the media. As a result of this, there would be two options 
in the development of the future recording heads: (1) to use head material with 
very high saturation magnetization for the writing heads, which would be able to 
produce high writing field even with narrow gap; and (2) to use head material with 
high sensitivity for the reproducing heads, such as giant magnetoresistive material, 
which would allow the use of very thin recording media. This would ease the needs 
for high writing field for the writing head because of the relatively larger writeable 
medium coercivity for thinner media. 
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CoCrTa films deposited on fee Pt and Au underlayers show excellent c-axis orientation. The 'epitaxial-growth' mechanism 
may explain the origin of such an effect. The perpendicular MOKE and VSM coercivity, shape of hysteresis loops and 
contact recording results of such media are investigated and discussed togelher with the film structure. A first peak D50 of 
160 kFRPI has been realized by a single-layer Pt/CoCrTa rigid disk using an in-contact MIG head. 
I. Introduction 
In the search for extremely high density recording 
media for both longitudinal and perpendicular mag-
netic recording, underlayers are found to be ve'ry im-
portant in improving the film orientation and in reduc-
ing the recording noise [I ,2]. For perpendicular record-
ing in particular, comprehensive studies have been 
undertaken in recent years in order to find the best 
underlayer for Co-based perpendicular media and to 
understand the origin of the underla~er effect [2,3]. In 
this paper we report our recent study of CoCrTa films 
deposited on Pt, Au and Ti underlayers and the in-con-
tact magnetic recording performance of such media. 
2. Experimental 
CoCrTa films, their underlayers and carbon protec-
tive layers were deposited onto 3.5" glass computer 
disk substrates by rf-magnetron sputtering in the same 
evacuation. The base pressure of the system is 3 X 10- 7 
Torr. Sputtering Ar pressure was 4 mTorr. An alloy 
target of Co 785Cr175Ta 4 was used for the deposition of 
CoCrTa films, which produces CoCrTa films with com-
position of Co 79Cr 18Ta 3 analyzed by EDAX. The film 
structure and crystal orientation was studied by x-ray 
diffraction pattern, rocking curve method and scanning 
electron microscope (SEM). The magnetic properties 
of the CoCrTa films were measured by VSM and 
magneto-optic Kerr effect (MOKE) system. A non-ny-
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mation Storage Technology, University of Plymouth, Ply-
mouth, Devon PIA RAA, UK. 
* This work was carried out at the Sony Research Centre, 
Yokohama, Japan, under the 'Sony Sabbatical Chair' 
scheme. 
ing head supporting mechanism [4] and a MIG head 
with gap length of 0.15 11m, track width of 30 11m and 
saturation magnetization of the metal of 14.5 kG were 
used in the in-contact recording experiment. The 
recording tests were performed on 3.5 in. single-mag-
netic-layer disks coated with an 80 A thick carbon layer 
and a liquid lubricant layer. The relative head-medium 
velocity was 3 m;s. 
3. Results and discussion 
3.1. Crystal orientation 
X-ray diffraction shows that CoCrTa films de-
posited on fee Pt, fee Au and hcp Ti all exhibit strong 
[0002] texture. The Pt and Au underlayers exhibit a 
very strong [Ill] texture. The Ti underlayer has a 
preferred [0002] texture with a very weak (lOJO) peak. 
Figure 1 shows a typical X-ray diffraction pattern of 
440 A thick CoCrTa films deposited on Pt underlayers. 
The Pt underlayer thickness is 900 A. It has been 
reported by various authors [2,3] that the hcp Ti under-
layer improves the [0002] texture of CoCr films because 
of the 'epitaxial growth' of hcp Co on the [0002] 
textural hcp Ti. The effect of fee Pt and Au underlay-
ers on the texture of CoCrTa films may also be at-
tributed to such 'epitaxial growth' mechanism because 
of the similarity of the lattice patterns of fee (111) 
plane and hcp (0002) as shown in fig. 2, in spite of their 
lattice misfit. We found in our experiment that the 
[Ill] texture of the Pt and Au underlayer is essential 
for the growth of [0002] textural CoCrTa films. 
Table I summarizes the· thickness dependence of 
t.850 of CoCrTa films on 900 A thick Pt, Au and Ti 
underlayers. CoCrTa films deposited on Pt and Au 
underlayers show very small t.850 at any film thickness 
while the films deposited on Ti underlaycrs have rcla-
0304-8853/93/$06.00 © 1993- Elsevier Science Publishers B. V. All rights reserved 
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Fig. I. X-ray diffraction patte rn of 440 A thick CoCrTa film 
deposited on Pt underlayer. using Cu Ka radiation (30 kV, 
100 mA, 1.5405 A wavele ngth ). 
tively larger ~850 in the thinner film region. This· is 
perhaps due to the less strong [0002] texture of the hcp 
Ti unde rlayers in this experiment. 
3.2. Magnetic properties 
The perpendicular coercivity of the CoCrTa films 
on Pt and Ti underlayers were measured by MOKE 
and by VSM, and results are shown in fig . 3. In these 
measureme nts we find that for the CoCrT a films de-
posited on Pt underlaye rs, the MOKE coercivi ty and 
VSM coercivity are nea rly the same, while for the films 
deposited on Ti unde rlayers, the MOKE coercivity is 
much larger than the VSM coercivity. This is especially 
z 
y 
X 
misfit~ 
~ 
ao,hcp - T ao ,fee 
ao.hcp 
Fig. 2. Sc he matic re presentatio n of hcp (0002) anu fee (1 1 I) 
la ttice plane, and the lattice misfit calculation fo r the [0002) 
te xtural hcp CoCrTa on the [Ill I textura l fee Pt or Au 
underlayers. 
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Table I 
A050 of different thicknesses o f CoCrTa fi lms on Pt , Au, Ti 
underlayers 
CoCrTa film thickness zzo A 440A 88o.A. 2000.A. 
A050 of CoCrTa on Pt 4.6 4.6 4.9 4.9 
A050 of CoCrTa on Au 4.9 5 5.1 4.8 
A050 of CoCrTa on Ti 10.5 8.8 4.8 4.9 
true in film thickness region 400-1500 A. It was be-
lieved tha t the MOKE coercivity is a measure of sur-
face coercivity and the VSM coercivity is a measure of 
bulk [5]. One possible explanation to this phenomenon 
may be that the orientation distribution through the 
depth of the film thickness of these two films is differ-
ent. In the case of T ijCoCrTa, as shown in table 1, the 
surface film has better [0002) orientation than the 
bottom films. This may cause the non-uniformity of the 
magnetic properties of the fi lm through the depth of 
the fi lm thickness. In the case of PtjCoCrTa, the 
crystal orientation of the fi lms through the de pth of the 
film thickness is very uniform, consequently, the film 
also has uniform magnetic properties through the en-
tire film thickness. 
In fig. 3 it is also noticeable that the T ijCoCrTa 
films exhibit la rger coercivity tha n the PtjCoCrTa 
films. Figure 4 shows the typical VSM hysteresis loops 
of the T ijCoCrTa and PtjCoCrTa at the film thick-
ness of 2000 A. The CoCrTa de posited on Pt exhibits a 
He (Oe) 
3000 ,---------------------------. 
2500 
2000 
1500 
1000 
500 
• TI/CoCf"T•(I .. OKI) 
0 TI/CoCf"TetVIMI 
e PI/Co Cf"Ta (UOKI) 
./·~'"'"'"' 
• 
.~· 
.I 
0 ~----.-----.----.-----.----~ 
0 500 1000 1500 2000 2500 
Film thickness (A) 
Fig. 3. Thickness dependence of perpe nd icular coercivity of 
CoCrTa fi lms deposited o n Pt a nd Ti unde rlayers measured 
by M OKE and VSM . 
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thin, 'waisted loop' with a well-defined 'shoulder' and 
the films on Ti have a fat loop with a rounded 
'shoulder'. The perpendicular coercivities of Ptj 
CoCrTa and TijCoCrTa are 700 and 2000 Oe, respec-
tively. CoCrTa films on Au underlayers show similar 
behaviour as that of Pt j CoCrTa films. It has been 
proposed by Zhu and Bertram [6) from their computer 
simulation that the shape of the perpendicular loop 
and the perpendicular coercivity of the CoCr films are 
determined mainly by the intcrgranular exchange cou-
pling of the films. A weak exchange coupled film shows 
a fat loop with a rounded 'shoulder' whilst a strong 
exchange coupled film exhibits a thin, 'waisted loop' 
with a well de fined 'shoulder' and the coercivity de-
creases with the increase in the exchange coupling 
constant. The shape of the loops and the perpendicular 
coercivity shown in fig. 4 apparently indicate that the 
grains of CoCrTa on Ti are weakly exchange-coupled 
and that o n Pt are more strongly exchange-coupled. 
Our SEM examination of these two films shows tha t 
the Pt/CoCrTa films have a smaller gra ins than the 
TijCoCrTa films. As shown in fig. 5, the average gra in 
size is 250 A for the 2000 A thick CoCrTa films o n a 
900 A thick Pt underlayer, and 500 A for the same 
thickness CoCrTa on a 900 A thick Ti undcrlayer. The 
different grain (or column) s ize of the two films may be 
due to the replication of the different grain morphol-
ogy of the two different unde r layers. However, it is sti ll 
600 M(•-) 
400 TI/CoCrTa 
200 
0 ~----------~~~~--------~ 
600 -;:." .::.(•m::::"::.:'c:::cl ______ ...,----------, 
400 - Pt/CoCr'Ta 
200 -
-15 - 10 - 5 0 5 10 15 
H (KOe) 
Fig. 4. Typical VSM perpendicular (solid lines) and in-plane: 
(dashed lines) hysteresis loops of lhc Ti / CoCrTa and 
Pcj CoCrTa ac film chickness of 2000 A. 
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not certain that whe ther the differences in the shape of 
the hysteresis loop and the perpendicular coercivity of 
the two films are associated with such a difference in 
the grain or column size which may give rise to a 
different intergranular exchange coupling, or it is due 
to the diffe rence of the Cr segregation in CoCrTa films 
occurred on the two different underlayers. More mi-
crostructural examinatio ns are needed to understand 
this. 
There arc various approaches reported in recent 
years to change the pe rpendicular coercivity of CoCr-
or eo-based perpendicula r films, namely, to increase 
the sputte ring Ar pressure, which enhances the colum-
nar morphology of the CoCr films [7); to add non-mag-
ne tic additives, such as Ta [8), which pro motes the 
selective segregation of the non-magne tic e lements 
around the grain bo undaries; to increase the substra te 
temperature [9] during deposition, which enhances the 
Cr segregation a round the grain boundaries; and most 
recently, to form non-magnetic gaps between columns 
by introducing B-(0) in a Co-bascd perpendicular film 
[10]. This study suggests tha t the underlayer is another 
important factor that causes a change in film morphol-
ogy and hence perpendicular coercivi ty and shape of 
hysteresis loops. 
3.3. In -contact recording 
Figure 6 shows the bit density response of three 
single-layered Pt jCoCrTa disks with medium thickness 
of 440, 880 and 2000 A, and o ne single-layer 
Ti j CoCrTa disk with medium thickness of 2000 A, 
respectively. T he output signal level and the 0 50 of 
three disks with Pt underlayers increase with CoCrTa 
film thickness. In a low-density region such an increase 
is propo rtional to the medium thickness. However, the 
2000 A thick med ium shows much higher output s ig-
nals in the high recording density region than the 
thinner med ia; for instance, the difference in the out-
put signa ls of the 2000 and 880 A thick media is only 
10 dB at lO kFRPI. but 18 dB at 100 kFRPJ. The 
achieved 0 50 of the 2000 A thick medium is t60 
KFRPI and maximum output is 80 nV0 _,/IJ-m ·turn · 
mj s a t 68 kFRPI. lt has been proposed by lwasaki [ 11] 
that the optimum thickness of the single-layer perpen-
dicular recording medium is the one which equals to 
the head gap length. in this work, 0.15 11-m. It is not 
clear that whether the good recording performance of 
the 2000 A th ick CoCrTa med ium is related to such a 
phenomenon. 
The bit density response of the 2000 A thick CoCrTa 
medium on Ti underlater ( 0 50 = 120 kFRPI) is not as 
high as tha t of :woo A thick CoCrTa medium on Pt 
underlayer, particularly in the higher-density region. 
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There are three major differences between these two 
media, the crystal orientation distribution, the shape of 
hysteresis loop or perpendicular coercivity and the 
grain size, as shown in table 1 and figs. 3-5. The better 
orientation and smaller grain size of the medium on Pt 
underlayer may favour a better bit density response 
[12]. On the other hand, the weak intergranular ex-
change coupling of the medium on Ti underlayer is 
desirable for a high-density recording medium. A high 
coercivity is also favourable for a better bit density 
response if the writing head can write effectively on the 
high-coercivity medium. More experimental studies are 
needed in order to clarify the effects of the above 
properties on the bit density response and on the 
signal-to-noise ratio. 
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Microstructure and magnetic properties of very thin CoCr films 
deposited on different underlayers by rf-sputtering 
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H.Y. Wong and J.N. Chapman 
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Very thin CoCr films deposited on different underlayers on glass disk substrates were studied by the magneto-optic Kerr 
effect, VSM, torque magnetometry and TEM selected area diffraction. Square or near square perpendicular loops were 
obtained from CojTi, CoCrjAu, CoCrjAI, CoCrj C and CoCr/Si films. TEM SAD study revealed that the crystalline 
structure is a key factor determining the magnetic an isotropy of the very thin CoCr films. In particular, the c-axis of the hcp 
CoCr films which exhibit square perpendicular loops is perpendicular to the film plane whilst that o f the CoCr films which 
exhibit a thin and flat perpendicular loop lies in the film plane. The texture of the very thin CoCr films deposited on 
different underlayers is mainly dependent on the st ructure and texture of underlayers. The relation between the structure of 
CoCr and its underlayers is discussed. 
1. Introduction 
There is a considerable current interest in the 
effect of underlayers on the magnetic properties 
of both perpendicular and longitudinal magnetic 
recording media [1,2]. In a previous paper [1] we 
have reported on the magnetic properties of very 
thin CoCr films deposited on Ti underlayers. 
Very pronounced effects of Ti underlayers on the 
shearing and the squareness ratio of the perpen-
dicular I<?OPS ·have been observed in such CoCr 
films. In order to understand the origin of the 
underlayer effect, further experimental investiga-
tion into the microstructure, micromagnetics and 
magnetic properties of these films have been un-
Correspondence to: Dr. G . Pan, School o f E lectronic. Commu -
nica tion and Electrica l Engineering, Polytechnic South West. 
Plymouth. Devon. PL4 8AA, UK. 
dertaken. We report here on a detailed experi-
mental programme of magnetic measurements to-
gether with microstructural examinations by TEM 
of the 160 A thick CoCr films with different 
underlayers. 
2. Experimental details 
Very thin CoCr films were deposi ted on differ-
ent underlayers or directly on to glass disk sub-
strates. The film thickness was measured by a 
talystep and a Scanning Auger microprobe 
(SAM). The Cr content of the CoCr films is 23 
at% by Auger. The magnetic properties of the 
CoCr films were studied using a magneto-optic 
Kerr effect (MOKE) system, a vibration sample 
magnetometer (VSM) and a torque magnetome-
ter. The film structure and crystal orientation 
0304-8853/92/ SOS.OO © 1992 - Elsevier Science Publishers B.V. A ll rights reserved 
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80 A CoCr 
16 0 A CoCr 
480 A CoCr 
1600 A CoCr 
-400 -200 0 200 400 
field ( kA/m ) 
Fig. I. Perpendicular MOKE loops of different th ickness 
CoCr films with and without Ti unde rlayers (solid and dashed 
line respect ively). Vertical axis is in arbitrary units. 
were investigated by selected area diffraction 
(SAD) on a JEOL 2000FX TEM. For the pre pa-
ration of TEM specimens, glass disk substrates 
were precoated with carbon films before the de-
position of underlayers and the CoCr films them-
selves . The films were then floated off in water. 
3. Results 
3.1. Magnetic measurements 
Fig. 1 shows the perpendicular MOKE loops 
of different thickness CoCr films with Ti unde r-
laYers (solid line) and without Ti unde rlayers 
(d-ashed line). For the 1600 A thick CoCr films, 
the principal d ifference of the MOKE loops of 
CoCr fi lms with a nd without Ti underlayers is 
only in the "shoulder" of the loop. As the CoCr 
film thickness reduces, the MOKE loops of the 
CoCr films deposi ted direct ly o n glass become 
172 
more rounded. On the other ha nd, the MOKE 
loops of CoCr films on Ti unde rlaye rs become 
steeper a nd squarer. The shearing of the perpen-
dicular loops has been discussed in the light of a 
stripe domain model suggested by Weilinga and 
Lodde r [3] and a particulate mode l suggested by 
Cha ng and Fredkin [I ,4]. 
Fig. 2 shows the Ti underlayer thickness effect 
on the perpe ndicular loops of 160 A thick CoCr 
films, which indicates that the squareness a nd the 
shearing of the loops are strongly affected by the 
existence of even a very thin Ti underlayer. The 
minimum Ti thickness to obtain a square loop is 
about 250 A. 
The pe rpe ndicular M-H loops of 160 A thick 
CoCr films without Ti underlayer and with Ti 
underlayer were also measured by YSM and re-
sults are shown in fig . 3. The square YSM per-
pe ndicular loop for the 160 A thick CoCr film on 
Ti and a thin and curved· one for the films with-
out Ti are in good agreement with the corre-
Tl: 240 A 
Ti: 180 A 
Ti : 120 A 
Tl : 60 A 
Ti : 0 A 
- 400 -200 0 200 400 
field ( kA/m ) 
Fig. 2. Ti unde rlayer thickness effect o n the perpendicular 
MOKE loops of 160 A thick CoCr films. Vertical :~.x is is in 
a rbitrary units. 
APPENDIX A PUBLICATIONS 
~ 
c 
::> 
.ri 
<o 
c: 
Q 
;;; 
~ 
a; 
c: 
C'l 
<U 
E 
c 
._g 
<U 
~ 
a; 
c: 
C'l 
<U 
E 
1.5 
.5 
0 
-.5 -
· 1 -
·1.5 
-1000 
1.5 
.5 
0 
-.5 
· 1 
- 1.5 
· 1000 
G. Pan et al. / Very thin CoCr films deposited on different underlayers 23 
glass I 16 nm CoCr 
perpend1cular loop 
~ ~ 
I 
J 
J 
-500 0 500 
field ( kA/m ) 
glass 160 nm Ti 116 nm CoCr 
perpendicular loop 
A 4 V 
~ ~ 
-500 0 500 
field ( kA/m) 
1000 
1000 
sponding MOKE loops, indica ting an improved 
perpendicular easy ax is behav ior of the CoCr 
films gown on Ti underlayers. 
Fig. 4 shows the torque magnetometer plots of 
the 160 A thick CoCr films with and without Ti 
underlayers. Torque curves for both samples were 
initiated with the applied field in the plane of the 
sample. Under this condition , torque curves which 
start at zero degree with negative slope indicate 
an anisotropy perpendicular to the film plane and 
with a positive slope indicate an anisotropy in the 
plane of the films. As shown in fig. 4, the CoCr 
on glass exhibits a typical in-plane anisotropy 
torque curve, while the CoCr film on Ti exhibit a 
near perpendicular anisotropy torque curve. It is 
obvious that the magne tization easy axis of such 
thin CoCr film is dependent on the Ti under-
layer. 
Fig. 3. M - H loops of 160 A thick CoCr films with a nd 
wi thout Ti underlayers measured by VSM. 
Further experiment on the very thin CoCr 
films with other different underlayers was under-
taken and fig. 5 shows the perpendicular MOKE 
loops of 80 A thick CoCr films on different un-
derlayers. Among them, the 80 A thick CoCr 
films on Ti, Au, Al and C underlayers or directly 
deposited on Si substrate exhibit squar:e or near 
square perpendicular MOKE loops. By contrast 
the CoCr film on a Cr underlayer exhibits a thin 
and flat perpendicular loop. The different height 
of the vertical axis of the loops is believed to be 
caused by the underlayer enhancement [5]. The 
effect of different underlayers on the magnetic 
properties of the initial growth layer of CoCr 
films can be clearly seen from this figure. 
Torque (J.lNm) Torque (J.lNm) 
-40 40 
glnss/Ti(600A)/CoCr( 160A) 
20 
-80 
0 
-120 
ss/CoCr(I60A) 
-40 
-80 -40 0 40 80 -80 -40 0 40 80 
Angle (degree) Angle (degree) 
Fig. 4. Torque curves of 160 A thick CoCr films wi th and without Ti underlayers. 
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CoCr/Ti/Gioss I 
I CoCr/Cu/Gioss 
CoCr/SI-substrate 1 J 
CoCr/C/Giass 
CoCr/AI/Gtass )_ V 
{ 
CoCr/Au/Giass 
CoCr/Cr/Giass 
-400 -200 0 200 400 
-400 
-200 0 200 400 
field ( kA/m ) field ( kA/m ) 
Fig. 5. Perpendicular MOKE loops of 80 A thick CoCr films deposited on different underlayers, the Y axis is in a rbitra ry units, bu t 
in the same scaling. 
3.2. Film microstructure and texture 
In order to understand the structural origin of 
the underlayer effect, the CoCr films and their 
underlayers were studied by observing selected 
area diffraction (SAD) patterns with the speci-
men untilted and tilted through 30° on a JEOL 
2000FX TEM. 
Let us start with a brief review of the electron 
diffraction techniques for polycrystalline thin 
films [6]. In electron diffraction, only those planes 
which are near parallel to the incident electron 
beam contribute to the diffraction patterns be-
cause the Bragg angle in electron diffraction is 
very small (less than 1° or 2°). 
Fig. 6a is a schematic drawing of a [00.1] 
oriented hcp Co crystal and the SAD pattern of 
the [00.1] textural hcp Co films. For such films, 
the main reflection rings are (llOO), ( 1120), (2020), 
.... all of which are in the form of {hkiO}. Reflec-
174 
tion rings of (0002), (Olll), ... , {hkil} (I* 0) 
would not appear. When ]he specimen is tilted 
through 30°, the {hkiO} rings break into arcs along 
the diameter parallel to the tilting axis; along the 
perpendicular diameter, arcs such as (Olll) ap-
pear because this plane makes an angle of 28° 
with the c-axis. The schematic drawing of SAD 
patterns of the [11.0] and [10.0] textural Co films 
are shown in figs. 6b and c respectively. When we 
observe the SAD patterns of the [11.0] an_d [10.0] 
textural polycrystalline films with specimen tilted, 
it is very difficult to predict when arcs will occur 
for every family of planes because of the complex 
of angles within each family. However, one of the 
obvious features for such textural films is tha t the 
(0002) ring will break into arcs along the diameter 
parallel to the tilting axis. 
The experimental results of the SAD patterns 
of 160 A thick CoCr films on Ti, Cr, C and Cu 
underlayers with the specimen untilted and tilted 
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Fig. 6. Schematic drawing of (a) [00.1) zone axis SAD pattern, 
(b) [11.0) zone axis SAD pa ttern and (c) [10.0) zone axis SAD 
pattern of hcp Co polycrystalline films. 
Table 1 
through 30° are shown in fig. 7. As mentioned 
above, these T E M specimens were deposited on 
a precoated C layers on glass substrates. How-
ever, MOKE measurement of these films showed 
similar loops to those shown in fig. 5. The SAD 
patterns a re indexed in tables 1 to 4. If we 
examine figs. 6, 7 and tables 1 to 4 carefully, the 
following conclusions can be drawn. 
The SAD patterns of the CoCr films on Ti and 
C underlayers with the specimen untilted and 
tilted are as expected from a strong [00.1] textural 
hcp films.The main reflection rings of the Co on 
both patterns are (l}OO), (1120) and (2020) when 
untilted. Diffraction rings of the form (000/), 
where I * 0, are not seen. When the specimen 
was tilted through 30°, the (liDO), (1120) and 
(2020) rings are broken into arcs along the diame-
ter parallel to the tilting axis. Arcs, such as (01l1), 
appear along the perpendicular diameter. The 
c-axis of such films is perpendicular to the film 
plane. 
The CoCr on Cr showed a mixed [11.0] and 
[10.0] zone axis patte rns. When the specimen was 
tilted, the (0002) ring breaks into arcs. The c-axis 
of such films lies in the film plane. The CoCr on 
Cu has no texture. Reflection rings from all planes 
are present on the SAD patterns. When speci-
men was tilted, no changes to the pattern could 
be seen. 
The underlayer structure can also be clarified 
from these patterns. The Ti underlayer has a 
Summary of SAD patterns of CjTi(300 A)jCoCr{t60 A) films with specimen unt ilted and tilted 
Ring Diameter Plane spacing [A) Structure hkil Untilted Tilted 
measured ASTM 
I 29.0 2.544 2.555 Ti hcp 1010 medium ring ring & a rcs I\ 
2 3 1.5 2.342 2.342 Ti hcp 0002 medium ring unchanged 
3 32.9 2.242 2.243 Ti hcp Oil I very weak ring strong arcs .L 
4 34.0 2.170 2.170 Co hcp 1010 strong ring strong arcsl\ 
5 38.5 1.916 1.9 15 Co hcp Oil I invisible strong arcs .L 
6 42.9 1.72 1.72 Ti hcp 0112 invisible weak arcs .L 
7 50.2 1.470 1.475 Ti hcp 1120 medium ring medium a rcsl\ 
8 55.2 1.337 1.332 Ti hcp 0113 very weak ring unchanged 
9 58.6 1.259 1.253 Co hcp 1120 strong ring strong arcs I\ 
10 67.5 1.093 1.085 Co hcp 2020 very weak ring weak ring & arcs I\ 
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Table 2 
Summary of SAD pallerns of CjCr(300 A)/CoCr(l60 A) films with specimen untilled and tilted 
Ring 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
Table 3 
Diamete r 
34.0 
36.2 
36.2 
38.5 
49.8 
51.0 
58.6 
62.4 
63.8 
69 
72 
Plane spacing [A) 
measured 
2. 170 
2.04 
2.038 
1.916 
1.481 
1.447 
1.259 
1.182 
1.156 
1.07 
1.02 
ASTM 
2.170 
2.04 
2.035 
1.915 
1.484 
1.443 
1.253 
1.178 
1.15 
1.067 
1.02 
Structure 
Co hcp 
Cr bee 
Co hcp 
Co hcp 
Co hcp 
Crbcc 
Co hcp 
Crbcc 
Co hcp 
Co hcp 
Crbcc 
hkil 
1010 
011 
0002 
0111 
0112 
002 
1120 
112 
0113 
11 22 
022 
Summary of SAD patterns of C/CoCr(l60 A) films with specimen untilted and tilted 
Ring 
2 
3 
.j 
5 
6 
7 
8 
Table 4 
Diameter 
27 
28.8 
30.5 
46.6 
53.8 
55 
61.2 
71.6 
Plane spacing (A] 
measured 
2.17 
2.034 
1.92 
1.257 
1.089 
1.065 
0.957 
0.818 
ASTM 
2.17 
2.035 
1.915 
1.253 
1.085 
1.068 
0.957 
0.82 
Structure 
Co hcp 
Co hcp 
Co hcp 
Co hcp 
Co hcp 
Co hcp 
Co hcp 
Co hcp 
hkil 
1010 
0002 
0111 
1120 
2020 
1122 
0222 
1230 
Untilled 
weak ring 
strong ring 
strong ring 
strong ring 
weak ring 
strong ring 
weak ring 
weak ring 
weak ring 
very weak ring 
weak ring 
Untilted 
strong ring 
faint 
faint 
strong ring 
medium ring 
faint 
invisable 
weak ring 
Summary of SAD patlerns of c;Cu(300 A)/CoCr(l60 A) films with specimen untilted and tilted 
Ring 
I 
2 
3 
4 
5 
6 
7 
8 
9 
10 
Diameter 
34.0 
35.3 
36.0 
38..5 
41.0 
57.8 
58.6 
68.0 
69.4 
71.0 
Plane spacing [A] 
measured ASTM 
2.170 
2.09 
2.049 
1.916 
1.80 
1.276 
1.259 
1.085 
1.063 
1.039 
2.170 
2.087 
2.038 
1.915 
1.808 
1.278 
1.253 
1.085 
1.067 
1.044 
Structure 
Co hcp 
Cu fee 
Co hcp 
Co hcp 
Cu fee 
Cu fee 
Co hcp 
Co hcp 
Co hcp 
Cu fee 
hkil 
1010 
Ill 
0002 
0111 
002 
022 
1120 
2020 
1122 
222 
Untilted 
weak ring 
strong ring 
medium ring 
weak ring 
medium ring 
medium ring 
medium ring 
medium ring 
weak ring 
weak ring 
Tilled 
unchanged 
ring & arcs I! 
ring & arr~ll 
ring & arcs I! 
weak arcs 
strong arcsll 
unchanged 
medium arcs .l 
unchanged 
unchanged 
ring & arcsll 
Tilted 
strong arcsll 
faint 
strong arcs .l 
strong arcs I! 
medium arcsll 
strong arcs .L 
weak arcs .l 
medium arcsll 
Tilled 
unchanged 
unchanged 
unchanged 
unchanged 
unchanged 
unchanged 
unchanged 
unchanged 
unchanged 
unchanged 
preferred hcp [00.1] texture. The C layer is amor-
phous. The Cr underlayer has a preferred bee 
[ 100] texture. The Cu underlayer has a fee struc-
ture with no texture. The correlation of the un-
derlayer structure and the CoCr texture is 
schematically given in fig. 8. 
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G. Pan et al. I Very thin CoCr films deposited 0 11 different tmderlayers 27 
Fig. 7. SAD patterns of 160 A thick CoCr films deposited on Ti, Cr, Cu and C underlayers. 
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G. Pan et al. j Very thin CoCr films deposited on different underlayers 
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~~ 
n..c...-n.,..-~e~. 
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TheCoCr on C- • strong 
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Fig. 8. Schematic representation of the effect of underlayer structure on the texture on CoCr films. 
4. D-iscussion and conclusions 
In summary, we conclude that the square or 
near square perpendicular loops of the very thin 
CoCr films originate from the improved perpen-
dicular an isotropy of the films due to their growth 
on appropriate underlayers. Our TEM SAD study 
revealed that the microstructure is a key factor in 
determining the easy axis anisotropy of the very 
thin CoCr films. The c-axis of those hcp CoCr 
films which exhibit square perpendicular loops, 
such as CoCr j Ti and CoCr jC, are perpendicular 
to the film plane. The c-axis of the hcp CoCr 
films which exhibit poor perpendicular loops, such 
as CoCr j Cr, lies in the fil':ll plane. 
The texture of the very thin CoCr films de-
posited on different underlayers is dominated by 
the structure and texture of the underlayers. The 
Ti underlayer which has a preferred hcp [00.1] 
texture encourages the hcp CoCr to grow epitaxi-
ally into a strong c-axis texture. The amorphous 
C is another suitable underlayer for the growth of 
[00.1] te:x1ural CoCr films.This may be explained 
by the fact that the CoCr film itself has the 
potential to grow into a c-axis texture because its 
178 
(0002) plane has the lowest surface energy [2], 
and the amorphous C underlayer provides a 
free-growth substrate condition for the CoCr. The 
CoCr films on the [100] textural bee Cr under-
layer were forced to grow into a mixed [1 LO] and 
[10.0) texture. This is perhaps due to the bee [lOO] 
texture being more suitable for the epitaxial 
growth of hcp CoCr films with c-axis lying in the 
film plane. 
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Abstract 
Very thin CoCr films deposited on different kinds. of 
underlayers on . glass disk substrates were studied in 
order to understand the origin of imderlayer effects. 
Nearly rectangular perpendicular magneto-optic Ken ef-
fect (MOKE) loops were obtained from CoCr films on· 
Ti, Au and AI underlayers on glass substrates and CoCr 
films ·on Si substrates. TEM electron diffraction studies 
of Ti(300A)/CoCr{160A) (which exhibits a rectangular 
loop) and Cr(300A)/CoCr (160A) films (which exhibits a 
poorly shaped perpendicular loop) showed that the tex-
ture of the CoCr film was dominated by the texture of 
its underlayer. The "epitaxial-growth" model applies to 
these films. 
Introduction 
It is well known that underlayers can be used to improve 
the magnetic properties of high density magnetic record-
ing media in both perpendicular or longitudinal magnetic 
recording[1-4). In a previous paper[1), we reported that 
very thin CoCr films (less than 200 A) on hcp Ti un-
derlayers exhibit nearly rectangular perpendicular M-H 
loops. We present in this paper the magnetic properties 
of the very thin CoCr films deposited by If-sputtering on 
different underlayers together with a detailed study of the 
texture of Ti/CoCr and Cr/CoCr films by TEM electron 
diffraction. The relation between the texture of under-
layer and the texture of CoCr films is discussed. 
Experimental Details 
CoCr films and their underlayers were deposited on to 
strengthened glass disk substrates in a No~dico NM-2000 
system in the same evacuation. Deposition conditions are 
as stated in [1). The electron diffraction studies were un-
dertaken in a JOEL 2000 FX TEM. For the preparation 
of TEM specimens, glass disk substrates wer'! precoatcd 
with carbon films before the deposition ofunderlayers and 
CoCr films. The films were then floated off in water. The 
CoCr films for TEM study were 160 A-thick and underlay-
ers 300 A-thick. The magnetic properties of Ti/CoCr and 
Cr/CoCr films for the TEM study were measured by the 
magneto-optic system prior to floating off the s•1bstrates 
. and assured to be the same as those without carbon lay-
ers. The Cr content of the CoCr films is 23 at% by Auger. 
Results and Discussions 
Figure 1 shows the perpendicular MOKE loops of the 80 
A-thickCoCr films on different underlayers ·on glass disks. 
Among these underlayers, 80 A-thick CoCr films on Ti 
and Au exhibit very square perpendicular MOKE loops, 
CoCr fi!.:Os on AI and on Si(substrate) exhibit nearly 
squ~re MOKE loops, and CoCr films on other underlayers 
exhibit very poorly shaped perpe~dicular MOKE loops. 
The different height of the of the y-axis of the loops is 
believed to be cau~ed by the underlayer enhancement [5). 
-· 
...... .• 
---
-
--
Ill 
/If 
j If 
. 
.,.. ---
Figure 1, Perpendicular MOKE loops of 80 A-thick 
CoCr films deposited on different underlayers, Y-axis is 
arbitrary unit, but in the same scaling. 
Figure 2 and tables 1 and 2 are the TEM electron 
diffraction results of Ti/CoCr and Cr/CoCr films with 
specimen untilted and 30° tilted. As is --:ell known in 
electron diffraction, only those electron beams scattered 
from the lattice planes parallel to the direction of inci-
dent beam form reflection rings because the Bragg angle 
in electron diffraction is very small (less than 1° or 2°) 
[6). Considering an hcp film with a strong c-axis texture, 
its diffraction pattern with specimen untilted is a typical 
[0002] zone axis pattern, i.e., its main reflection rings are 
(1010), (ll20), (2020) and etc., all of which are of the iorm 
(hkiO). Diffraction rings of the form (OCOI) would not be 
observed for such a sample. If the specimen is tilted, the 
ring pattern is broken into series of arcs. Along the diam-
eter parallel to the axis of tilt, the arcs coincide with the 
OOIH·9~<i4/91SOI.OO ID 1991 IEEE 
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original ring pallern. Along the perpendicular diameter, 
the original rings disappear, and new ones [for example, 
the (0 1 I 1) arcs and etc.] appear as the tilting causes the 
sphere of reflection to cut the planes of reciprocal lattice 
circles h · 0 + k · 0 + i · 0 + I · 2 = 1, 2, 3, etc. [7] . As shown 
in figure 2 (a) and table 1, the electron diffraction pat-
terns for Ti/CoCr films with specimen untilted and tilted 
are precisely what a strong c-ax.is textural hcp film looks 
like. The main diffraction rings of Co hcp are (lOIO) , 
( 11 ~0) and (2020) when untilted. Diffraction rings of the 
form (0001} are not seen. When tilted, the (lOIO), (11~0) 
and (2020) rings are broken into arcs along the parallel 
diameter. The (0111)" arcs appear along the perpendic-
ular diameter . This suggests that the 160 A-thick CoCr 
films deposited on Ti underlayer has a very strong c-ax.is 
texture. 
Specimen Untilted 30° Tilted 
(a) Ti{300A)/CoCr{160A) 
30° Tilted 
(b) Cr(300A)/CoCr(160A) 
Figure 2, Electron diffraction patterns of Ti/CoCr (a), 
and Cr/CoCr (b) with specimen untilted and tilted. 
The diffractio~ patterns also show the Ti underlayer 
has a hcp structure. Both the [0002) and (1010) zone axes 
reflection rings can be seen on the pattern with the spec-
imen untilted. However, when specimen was tilted, the 
[0002) zone axis rings, such as (lOIO) and (1120), are bro-
ken into arcs along the parallel diameter. And the (0111) 
arcs appear along the perpendicular diameter. The (0002) 
ring remains unchanged. This indicates that the c-a:xis of 
the hcp Ti in the underlayer has a preferred perpendicular 
orientation and also some spatial random orientation. 
The pattern of Cr/CoCr films with specimen untilted 
[figure 2(b) and table 2) has two strong reflection rings 
of (0002) and (0111), which are from Co hcp (1010) zone 
axis. It also has a few weak hcp Co refleCtion rings from 
the [0002] zone axis, such as (lOIO) and (1120) rings. This 
suggests that the CoCr films on Cr do not h4v~ a strong 
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textur e a s the CoCr film o n Ti does . Howe ver, 
the different i nte nsity of the two zone axes 
relectioo rings may s uggest that the CoCr filr:o 
has a preferr e d in- plane [lOiO] o rie ntation. 
The s light a r cs on the [lOlO] zone axis reflec-
tion rings whe n the s pecime n was tilted confi rn 
the e xistance of the llOIO] preferre d o r ienta-
tion in the CoCr f i lm. 
There are two strong intensity reflection rings for the Cr 
underlayer in the untilted pattern, the {011} and {002} 
rings. T hese two rings could be a result of both [100) 
and [110] zone axis refl ection. There are some other weak 
Cr bee rings on the pattern . The { 11 2} ring could result 
from the [110] zone axis reflection . The {022} could be 
the [100) zone ax is re fl ection . This indicates that the Cr 
underlayer has a mixture of [l OO] and [110) oriented bee 
crystals. On the ti l ted pattern, the ·parallel arcs on the 
{011}, {002} and {022} ri ngs and the perpendicu lar arcs 
on the {112} rings suggest that the Cr underlayer has a 
preferred [100) orientation . 
Table 1, Summary of Electron Diffraction Patterns of 
TI(30nm)/CoCr(16nm) Films with Specimen Untllted and Tilted 
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From the above results we may conclude that the tex-
ture of the very thin CoCr films deposited on Ti and Cr 
underlayers is dominated by the texture of underlayers 
b ecause of the "epita:xial-growthn mechanism. The Ti 
underlayer which has the (0002) texture encourages the 
CoCr to grow epita~ ially into a s trong c-axis texture. The 
Cr underlayer which has a bee (100) and (110) texture 
is perhaps more suitable for the CoCr film to grow into 
(1010} texture because of the simi larity of the recipro-. 
callattice patterns of the bee [100), [110) and hcp (1010). 
We may also speculate that because the CoCr fi lm itself 
has the potential to grow into a c-axis texture [the (0002) 
plane has the lowest surface energy) [3), the CoCr films on 
Cr underlayer still have some fraction of the (0002) tex-
ture. The fraction of (0002) textu re may increases wilh 
the CoCr film thickness because of the decrease of the 
"epitaxial-growth effec t" with the increase of film thick-
ness[3). On the other hand , the CoCr films on hcp Ti un-
derlayer would not have any fraction of ( !OIO) texture. Its 
(0002) textural growth potential becomes much stronger 
APPENDIX A PUBLICATIONS 
because of the support from the (0002) texture of the Ti 
underlayer. As a result of this, .it grows into a dominant 
(0002) texture. 
The square perpendicular loop of the Ti/CoCr films 
originates from the dominant c-axis texture of the CoCr 
films. Because of the excellent perpendicular orientation 
of the hcp Co crystals in the film, the CoCr film exhibits 
the easy axis magnetization behaviour of hcp Co crys-
tals in the perpendicular magnetization direction. The 
poorly shaped perpendicular loop of Cr/CoCr films re-
sults from the preferred in-plane orientation of the CoCr 
films. Because of the preferred in-plane orientation of the 
Co crystals, the CoCr film exhibits the hard axis magne-
tization behaviour of the hcp Co crystals in the perpen-
dicular magnetization direction. However, such films may 
have excellent in-plane anisotropy because of its (1010) 
texture, which is very suitable for high density longitudi-
nal recording. It may therefore be speculated here that 
underlayers which have the texture with the zone axis re-
ciprocal lattice sections similar to that of the hcp (0002] 
can be used for depositing (0002) textural Co b~d films 
for perpendicular magnetic recording; underlayers which 
have the texture with the zone axis reciprocal lattice pat-
tern similar to that of the hcp [1010] can be used for 
depositing (1010) textural Co based films for longitudinal 
recording. It may also be argued that the low recording 
noise characteristic of Co based magnetic films deposited 
on Cr underlayers may be attributed in part to the im-
provement of film texture by Cr underlayer rather than 
merely due to the reduction of the inter-grain exchange 
coupling by the Cr underlayer[8-9]. The effect of the Co 
crystals' orientation on the recording performance may 
not be negligible. 
Figure 3, TEM bright field images of 
Ti(3ooA)/CoCr(160A) and Cr(300A)/CoCr(160A) films. 
Figure 3 is the TEM bright field images for the above 
two films. The bright field image of TifCoCr shows very 
clear grains. The average grain size is about 120 A. The 
clear grains may originate from the strong c-axis texture 
of the CoCr films. T he CoCr film s grown on Cr underlay-
ers exhibit a more continuous structure. No clear grains 
or grain boundaries can be seen. 
181 
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(1) Very ihln CoCr films deposited on Ti, Au, AI under-
layers on glass disks, or deposited on Si substrates exhibit 
nearly square perpendicular MOKE loops, while whtm de-
posited on Cr, Cu, NiFe, CoNbFe, Si02 underlayers they 
exhibit poorly shaped perpendicular loops. 
(2) TEM microscopy study showed that the texture of 
the underlayer played an important· role in the forming of 
texture of the CoCr films. The "epitaxial-growth" model 
applies to the Ti/CoCr and Cr/CoCr filins. 
(3) The square perpendicular loops of Ti/CoCr films 
originated from excellent c-axis texture of the CoCr films. 
The poor perpendicular loop of the Cr/CoCr results from 
its (1010) texture. 
(4) The TEM micrographs showed that the Ti/CoCr 
films have much clearer grain structures than the 
CrfCoCr films. 
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VERY THIN PERPENDICULAR FILMS ON GLASS DISCS 
D.J. MAPPS, G. PAN and M.A. AKHTER 
Centre for Research in Information Storage Technology, Polytechnic South West, 
Plymouth PL4 8AA, U.K. 
Abstract. This paper summarizes work carried out on thin-films of CoCr 
deposited on glass surfaces. The use of negative biasing during RF sputtering 
is reported, especially as it affects impurity gas contamination and the 
promotion of good microstructure. To reduce contamination from the glass, a 
gold or titanium underlayer is used. The effect of titanium is extensively 
studied. Magnetic domain measurements show that the CoCr/Ti/glass system is 
suitable for high-density perpendicular recording. 
Introduction 
The popular base material choice for hard 
computer discs is aluminium but as head 
flying heights decrease and personal 
computer systems include more 'laptop' type 
applications, alternative materials have 
been sought. One such material is glass 
which has high smoothness and flatness, is 
light in weight and has superior mechanical 
properties. The trend towards flying 
heights of 50 nm [I] and in-contact systems 
at better that 25 nm [2] means that 
perpendicular recording, in particular will 
benefit from glass substrates since it is 
known that the areal density capability of 
perpendicular recording overtakes that of 
longitudinal recording for flying heights 
below 100 nm [3]. The many advantages of 
glass over AI/Ni-P have been summarised in a 
recent paper by Matsudaira et al. [4) 
The purpose of this paper is to describe 
experiments involving typical perpendicular 
recording films on glass surfaces and 
chemically toughened glass discs. The 
influence of various underlayer films is 
reported and explained as well as some 
studies of the effect of impurities which 
may enter the films during film growth. 
Experiments with Glass Substrates 
The simplest perpendicular recording system 
is one which has a single storage layer of 
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Figure 1. x-ray intensity count for CoCr 
film on glass as a function of negative 
substrate bias voltage. 
perpendicular anisotropy, capable of 
supporting perpendicularly oriented 
magnetised volumes. This can be recorded 
with a conventional gapped recording head as 
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long as the coerctvtty is low enough so that 
the head fields are high e nough to record, 
and the coercivity high enough to overcome 
the de magnetising effects which shear over 
the 8-H loop and reduce the remanent 
magnetisation. The requirements for good 
perpe ndicular microstruc ture are affected by 
various factors m the deposition process, 
especially impurity atoms of oxygen and 
nitrogen (5]. Oxygen, s ilicon and calcium 
are present in the glass and oxygen and 
nitrogen available in small traces in the 
sputtering chamber. One method of reducing 
impurity atoms embedded in the film is to 
preferentially re-sputter these from the 
., 
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Figure 2. Perpendicular and in-plane 
magnetic prope rties for the films of figure 
I. 
information s torage film by d iverting part 
of the sputte ring power f rom the target to 
the substrate. This creates a negative bias 
pote ntia l on the substrate d uring the film 
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growth process. The effect of negative bias 
1s shown in figure I where the (00.2) 
intensity shows a peak (corresponding to 
good perpendicular microstructure) at a 
substrate potential of - 100 volts . The 
corresponding effect on the magnetic 
properties, shown in figure 2, is to produce 
a peak in the perpendicular coercivity and 
squareness ratio. Other work [5] shows a 
correlation between oxygen and nitrogen 
impurity concentrations m the CoCr films 
and the oxygen and nitrogen partial 
( 
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s 
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Figure 3. 
elements in 
surfaces. 
Auger microanalysis plots of 
CoCr and gold films on glass 
pressures present m the chamber before 
sputtering commences. Therefore, for CoCr 
perpendicular recording, the use of RF · bias 
sputtering is advantageous in reducing 
impurity gas atom concentration. 
Other contaminants, however, enter the film 
from the glass as shown by Auger 
microanalysis. The glass surface is rich in 
oxygen which persists through the CoCr film 
starting at a high level, decreasing 
slightly and being added to by surface 
oxidation after the f ilm is re moved f rom the 
sputtering chamber. T his suggests the need 
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for some kind of barrier layer to hold back 
oxygen at the substrate surface. 
The effect of a barrier layer of pure gold 
is shown in figure 3. The effect of the 
gold is to completely remove the oxygen from 
the substrate, whilst providing an excellent 
surface for the growth of very thin (8 nm) 
perpendicular CoCr films with nearly square 
magneto-optic M-H loops as shown in figure 
4. These films show remarkable squareness 
considering that they are very thin and 
magnetised in the perpendicular direction. 
The squareness would be excellent for 
perpendicular recording with no need for a 
high coerctvtty to compensate for loop 
shearing resulting from demagnetising 
fields. The high squareness suggests that 
the gold layer may be providing an atomic 
match at the interlayer causing the CoCr to 
adopt on h.c.p. microstructure. This was 
confirmed by TEM studies. 
CoCr/Au/Gtass 
-6000 -4000 -2000 0 2000 4000 6000 
H (Oe) 
Figure 4. Perpendicular magneto-optic 
loop for CoCr film deposited on a gold 
underlayer. 
Experiments with Titanium Underlayers 
Titanium is known to promote good 
perpendicular microstructure in 
over-deposited CoCr films [6]. However, the 
effect on very thin CoCr films is to 
produce, surprisingly, an even squarer loop 
than for thick CoCr films . This is shown in 
the M-H loop comparison of figure 5. The 
phenomenon is explained if the CoCr grains 
are separated and grow as individual 
magnetic units until they merge together as 
the film thickens. Using the theory of 
Wielinga et al [7] and, Chang and Fredkin 
184 
80 A CoCr 
160 A CoCr 
480 A CoCr 
1600 A CoCr 
-6000 -4000 -2000 0 2000 4000 6000 
H (Oe) 
Figure 5. Perpendicular M-H loops of 
different thickness CoCr films with and 
without Ti under layer (solid and dashed line 
respectively). 
[8] the shearing of a perpendicular loop can 
be indicated by the rate of change of the 
magnetisation with field dM/dH. The general 
equation for this is, 
(dM/dH)- 1 = DD {1 - f (N (D+2a)] + +a . 1_1 z 
[Nz(3D+4a)- Nz(3D+2a)] + · · ·· · ·}} 
where D is a thickness-dependent grain 
diameter, a is a non-magnetic gap 
between grains and Nz the grain 
demagnetising factor m the perpendicular 
direction which is a function of D and 
a. 
Using the theory above a series of 
calculations were made for values of a 
of between 0 and 5 nm for various 
thicknesses. These are plotted as dotted 
lines in figure 6. Also plotted on figure 6 
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are three experimental curves. The lower 
curve is for a CoCr film on glass only with 
no underlayer and no RF bias during 
deposition. There is no evidence in this 
case of CoCr segregation. The middle curve 
shows some segregation caused by the use of 
titanium but the squareness is not perfect 
until the impurity gas atoms have been 
removed (by bias-sputtering) and segregation 
well defined (upper curve). Under these 
conditions there is a good fit with the 
theoretical data with a non-magnetic gap 
spacing of about 5 nm between CoCr columns. 
The Auger results for CoCr films on Ti 
underlayers, show that the Ti does reduce 
contamination from the glass surface but not 
as much as by using gold (see figure 3). 
The combination of Ti and bias-sputtering is 
able to produce good films as long as the Ti 
is at least 20 nm thick in our experiments. 
The mechanism by which CoCr h.c.p. grows on 
Ti was investigated using transmission 
electron microscope techniques. The results 
12 
10 
8 
6 
4 
2 
• CoCr(Vb=-100v)/glasa 
v CoCr(Vb--100v)m/glass 
o CoCr(Vb=Ov)m/glass) 
0~------r-----~------.-------------~ 
show that the c-axis of the Ti underlayer is 
strongly perpendicular and this provides 
atomic matching for the upper CoCr layer. 
The CoCr therefore grows with a good 
hexagonal microstructure within the first 
few atoms and this explains why the very 
thin, CoCr films have such a good square 
loop compared with the thicker films whose 
demagnetising factors are increased when the 
columns eventually grow together. 
Magnetic Domain Structure 
The stable magnetic domain structure which 
the CoCr films support is a measure of the 
eventual information bit density on the 
computer disc. This was studied using 
Lorentz Microscopy and the results are shown 
in figure 7. Figure 7(a) is a perpendicular 
Fresnel image with low domain contrast. The 
low contrast is expected if the domains are 
(a) 
(b) micron 
Figure 7. Fresnel images of magnetic 
domains in CoCr for the case of (a) normal 
incidence and (b) 20° tilted. 
0 500 1000 1500 2000 2500 
CoCr film thickness (A) 
Figure 6. Hysteresis loop slope T of 
CoCr films as a function of film thickness. 
Dotted lines are calculated results by 
particulate model for a = o to 50 Jr.. 
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perpendicularly magnetised. To improve 
domain contrast the specimen is tilted at an 
angle of 20° in figure 7(b). 
Measurements from figure 7(b) show a maximum 
domain spacing of 80 nm ( >300,000 
domains/inch). This confirms that the CoCr 
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film is suitable for high-density magnetic 
recording. 
Conclusions 
Measurements of CoCr thin films on glass 
disc surfaces show that exceptionally good 
microstructure can be produced in very thin 
films deposited on gold and titanium 
underlayers. The best microstructure is 
produced with RF bias sputtering combined 
with a suitable underlayer. Domain studies 
confirm that these films are suitable for 
high-density magnetic recording. 
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VERY THIN CoCr FILi\IS ON TITANIUl\1 UN DERLA YEB.S FOR 
HIGH-DENSITY PERPENDICULAR RECORDINC COf\IPUTER DISCS 
D.J . \lapps, t\I.A . Akhter and G. Pan 
Department of Electrical & Elect ro nic Enginee ring, 
Polytechnic South West , Plymouth , Devon , PL-l 8AA, U.K. 
Abstract 
Very thin CoCr films with and withou t Ti under-
layer were deposited on strengthened glass disc sub-
strates by bias RF-sputtering. Perpendicular M-H 
loops were successfully measured by polar Kerr M-0 
loop plotter. Very pronounced effects o f Ti under-
layer and bias on the shearing o f the loop and the 
perpendicular remanence ratio were observed. X-ray 
diffraction results show excellent (002) o rientation of 
CoCr films with Ti underlayer. Experimental results 
are discussed in the light of particulate model and 
stripe domain model. 
Introduction 
There is a trend towards the use of thinner films of 
CoCr for high-density perpendicular magnetic record-
ing. In addition, there is a strong current interest in 
the effect of underlayers such as gemanium and ti-
tanium ( 1 - 6] as microstructure "growth promoters" . 
It was believed that the initial nucleation stage of the 
hcp CoCr crystallites, which is directly influenced by 
the substrate conditions, is very important for the 
growth of highly c-axis oriented CoCr films[!]. How-
ever, no investigation has been made so far into the 
very small thickness region of such films. 
In this paper, very thin CoCr films (below lOO..\) 
with and without Ti underlayer are studied. Very 
pronounced improvements in magnetic properties by 
the· existence of Ti underlayer · under our optimum 
bias sputtering conditions[7] are reported. 
Experimental details 
Ti and CoCr films were deposited by RF-sputtering 
on to a strengthened glass disc substrate in a .:-;ordico 
N:\1-2000 svstem in the same evacuation . The cham-
ber was ev~cuated to a base pressure below 2 x 10- 7 
Torr by a diffusion pump system equipped with a 
liquid-nitrogen trap. The experiments were under-
taken in a class 1000 clean room. The surface rough-
ness Ra of the substrate was less than 30 A. Sub-
strates were cleaned by Decon solution in an ultra-
sonic bath, placed on a water-cooled substrate holder 
and then Cleaned further by sputter etching just be-
fore sputtering. The CoCr target was an 8" diameter 
high purity Co disc on which 1 cm Cr pieces were 
uniformly arranged. Argon pressure during sputter-
ing is 3 mTorr for CoCr, 4 mTorr forTi respectively. 
Sputtering power was 600 Wand deposition rate 160 
A/min for CoCr and 60 A/min forTi respectively. 
The film composition was analysed by SAM (Scan-
ning Auger l\1icroprobe) depth profiling. The c-axis 
orientation of CoCr films was estimated by X-ray 
diffraction using Cu- Ko radiatio n (-10 kv 30 mA). 
Magnetic properties were measured by polar Kerr M-
O loop plorter, vibrating sample magnetometer and 
torque magn.etometer. Film thickness was measured 
by Talystep. 
Results 
CoCr films of different thickness( varied from 80 to 
3000 A) \..·ere deposited on 600 A-thick Ti underlay-
ers or directly on glass substrates. The Cr content of 
the CoCr films is 23 at% by Auger. Saturation mag-
netization is 200 emu/cc by VSM, neither affected by 
Ti underlayers nor film thickness. 
(b) eoo- 1600 A 
10 
o 2000 4000 eooo o 2000 4000 eooo 
H~ H~ 
Figure L, Perpendicular 1\l-H loops of different 
thickness CoCr films with and without Ti 
underlayer· (solid and dashed line respectively). 
Figure 1 shows the typical perpendicular hysteresis 
loops of 80 A- thick and 1600 A-thick CoCr films with 
Ti underla.yeis(solld line) and without Ti underlay· 
ers(dashed line) measured bv polar Kerr M-0 sys-
tem. The height o f the perpendicular loops o f 80 
A-thick ·CoCr films is only about h;df •1f that .:. f 1600 
. .\-thick films. This probably is due to the skin depth 
effect on su.ch ~mall thickness films(the skin depth IJf 
He:'-ie laser is ISO ,\[11]). "\s shown in figure l(a), an 
80 A-thick CoCr film deposited directly on glass sub-
stra.te exhibits !1 \·ery poor perpendicular loop. \-\'hile 
the same thickness CoCr film deposi ted o n Ti under-
layer exhibits a nearly square perpendic ular hystere-
sis loop. The .shearing of the loop is ve ry small and 
the perpendicular remanence ratio is near unitv . Such 
a nearly square loop was also observed in ~ur 161) 
A-thick CoCr films o n 'Ti underlaver. Fnr lfi(JI) A-
thick CoCr films(figure l(b)), the p-rinci pal rlifference 
of their perpendicular loops is only in the "shoulder" 
0018·9464/90/0900· 1614$01.00 © 1990 IEEE 
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,lf the loop. CoCr film with Ti underlayer exhibits 
a bigger ushoulder" in its perpendicular loop. 'vVe 
plotted the slope T( =·h ·dM/dH) of the perpendic-
ular loops at ~1 -= 0 (which indicates the . shearing of 
the loops[81), the perpendicular rernanence ratio and 
coercivity versus CoCr film thickness in figure 2 and 
figure 3 . It can be seen from figure 2 and figure 3 
that the Ti underlayer effects on the magnetic prop-
erties become very pronounced in the thinner film 
region. The slope T of the perpendicular loop of an 
80 A-thick CoCr film with Ti underlayer is about 13 
and perpendicular remanence ratio 0.9. while for the 
same thickness CoCr film without Ti underlayer, only 
about 1.2 and 0.28. However, the perpendicular co-
ercivity appeared to be not affected by the Ti under-
layer and it is only a function of CoCr film thickness. 
~ndW/dH)~ 
14 
V 
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10 
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6 
4 
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0+-----~------~----~------~----~ 
0 500 1000 1500 2000 2500 
CoCr rilm thickness (A) 
Figure 2, Hysteresis loop slope T of CoCr films as a 
function of film thickness, dotted lines are calculated 
results by particulate model for a = O, to 50 ..\ . 
The substrate bias effect on the slope T and rema-
nence ratio of CoCr films at small thickness is also 
shown in figures 2 and 3. The shearing of the loop 
ofCoCr films made without bias is bigger(T smaller) 
than that deposited with bias and the perpendicular 
remanence ratio smaller. The nearly square loops can 
only be o btained from samples made under optimum 
bias conditions. 
The X-ray diffraction patterns showed that the 
CoCr films have an hcp structure and the main re-
flectio n peak is (002) and the Ti underlayer has an 
hcp structure with a main reflectivn peak of (U 10) . 
The (002) reflection peak intensity o f different thick-
ness CoCr films with and without Ti underlayer is 
show n in ta ble I , from which we can see tha t the (002) 
peak intensity o f any thickness CoCr films deposited 
rJ n Ti underla_yer is much higher than that without 
T i underla\·er. This means CoCr films deposited o n 
Ti underlaver have excellent c-axis orientation. The 
excellent perpendicular loops o f ver.Y small thickness 
CoCr films w uld be attributed to this excellent (002) 
orientation. For thick CoCr films the better c-axis 
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o rientation results 1n a bigge r shoulder tn the per-
pendicular loop. 
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Figure 3; Perpendicular remanence ratio and 
coercivity as a function of CoCr film thickness. 
Table 1, (002) reflection peak intensity of CoCr films 
with and without Ti underlayer. 
Film thickness 160 A 640 A 960 A 12ao A 1920 A 
l(OO~h.s. 
CoCr: · glass 614 1,548 4,474 4 ,670 11,710 
1(00~ c.p.s. 
CoC~ glass 162 934 t,n8 1,946 3,824 
SlopeT 
Hcl (Oe) 
Mr 1/Ms 1(002) (c.p.s.) 
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Figure 4, Effects of Ti underlayer thickness on 
perpendicular magnetic properties and (002) 
intensity o f 160 A- thick CoCr films. 
The Ti undetlayer thickness effects o n the magnetic 
properties of very small thickness CnCr films( 160 A) 
are shown in ~gure 4 . The pe rpendicular remanenc~ 
ratio and the slo pe T can be in some degree impro ved 
by the existence of even a very thin Ti underlayer. 
This improvement is again related to the improve-
ment of the (1)02) o rientation o f the CoCr films, reach-
ing the maximum at the Ti thickness of abo ut 250 A. 
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CoCr lllrns deposited on 250 or 600 :\-thick Ti under-
layers exhibit little difference in their perpendicular 
loops. Therefore, a 250 A-thick Ti undcrlayer is suf-
ficient to provide a good substrate condition for the 
growth of highly (002) oriented CoCr films. lt can 
also be seen from figure 4 that the coercivity of a 160 
A-thick CoCr film is about 330 Oe and not affected 
by the Ti underlayer thickness. 
Discussion and conclusions 
A very thin CoCr fi)m deposited on Ti under-
layer exhibited a nearl.v square perpendicular loop. 
These excellent perpendicular magnetic properties 
originated from the improvement of the {002) orien-
tation of the hcp CoCr crystallites by the existence of 
the hcp structure Ti underlayer. It has been reported 
by several authors that the (002) oriented hcp struc-
ture Ti and Ti-l\l alloy underlayer or amorphous-like 
Ge underlay-er[ 1,6] could greatly improve the c-axis 
orientation of CoCr films. An epitaxial growth model 
had been proposed for this. However, the Ti under-
laye~ made in this study, which has a strong effect on 
the structure of CoCr films, was not (002) oriented, 
its main reflection peak of X-ray diffraction pattern 
was (010). A similar result has been reported by D. 
Jeanniot et a1[4j. It seems that the high (002) orienta-
tion of the underlayer is not essential for the growth of 
highly (002) oriented CoCr films. ~lore detailed stud-
ies are necessary to clarify the growth mechanism of 
CoCr film on underlayers. 
\\'ielinga et al have reported that the slope T of the 
perpendicular loops of CoCr films was a strong func-
tion of film thickness[8). The maximum T for their 
250 A-thick CoCr films was about 2. A stripe do-
main model by Wielinga and Lodder[8,9j and most 
recently, a particulate model by Chang and Fred-
kin[lO) have been proposed , both of which could ex-
plain Wielinga's results successfully. It is worth notic-
ing that the slope T of very thin CoCr films in this 
study is not only a function of CoCr film thickness, 
but also a function of the c-axis orientation of the 
films which was affected by underlayer and substrate 
bias. For comparison, we calculated the slope T by 
the particulate model. The slope T was given by 
equation {1), 
_!2_ {1.0- {Nz(D + 2a) + D , a 
[.V.:(3D + 4a) - N::(3D + 21l) J + . .. }} (1) 
where, the demagnetization fact•>r :\z(x) ( here 
x= D + 2a, 3D-r 2a, 3D+4a, . .. ) was calculated from 
equations (3) and ('1) of reference [lu;. The crystal di-
ameter D of the CoCr films was taken fro m \\'eilinga's 
experimental data. The non-magnetic gap "a" took 
values of 0. IU, 20, 30, -tO, and 50 A respectively. 
The calculated results were plotted in figure 2(dotted 
line). As shown in figure 2, the tendency of slope T 
towards film thickness coincides with the calculated 
results of different nonmagnetic gap distance. This 
might be interpreted as that CoCr films deposited 
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nn glass substrate is not a n'lurnnar structure he-
cause of tlu: lack of c-axis orientation and therefore 
the non;milgnetic gap between particles is zero. Their 
slolpe T coincides with that of a :::O. While CoCr 
films deposited on Ti underlayer exhibit good colum-
nar structtlre because of the excellent c-axis orien-
tation of the hcp crystallites and therefore the non-
magnetic gap may exist between the columns. This 
non-magnetic gap reduces the shape anisotropy and 
consequently reduces the shearing of the perpendicu-
lar loops in the very small thickness region. The fact 
that the coercivity of the very thin CoCr films is in-
dependent of. the c-axis orientation of the films also 
supports the particulate model which concluded that 
the interaction field shears the perpendicular loop, 
but does not affect the coercivity[IO]. More structure 
evidence is needed to confirm this. 
We conclude: A CoCr film thinner than 200 A, de-
posited on Ti underlayer under optimum bias sputter-
ing conditions exhibits a nearly square perpendicular 
loop. These excellent perpendicular magnetic prop-
erties originate from the improvement of the (002) 
orientation by the Ti underlayer. The Ti underlayer 
effect on the. ·magnetic properties becomes very pro-
nounced in the very small thickness region. A partic-
ulate mod'el could be used to explain the shearing of 
the perpendi~ular loop. 
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CoNbFe soft magnetic thin-film backlayers for glass computer disks 
D. J . Mapps, M. A. Akhter, and G. Pan 
School of Electronic, Ccmmunication and Electrical Engineering. Polytechnic South West, Drake Circus. 
Plymouth, Devon PL4 8AA., United Kingdom 
Co84Nb12Fe4 films with very low coercivity down to 1 A/m, anisotropy field 1100 A/m, and 
saturation magnetic induction 1.1 T have been deposited by rf sputtering onto chemically 
strengthened glass disk substrates as a backlayer for perpenaicular recording Winchester 
disks. Values of coercivity and anisotropy field were studied over a thickness range from 30 
to 15 000 A and found to be a strong function of film thickness. Comparisons between 
Neel's prediction for wall motion coercivity mechanism and the experimental data were 
made. The experimental coercivity fits the Nee! formula when films are thicker than 400 A. 
The dependence of coercivity and anisotropy field on deposition conditions was also 
characterized. The thermal stability of the films was studied by differential scanning 
calorimetry (DSC) and by thermal annealing up to 500 ·c. The crystallization temperature 
of the CoNbFe films is about 450 ·c determined from DSC analysis. Thermal annealing 
revealed that the magnetic properties were very stable when the annealing temperature was 
below 400 ·c. 
I. INTRODUCTION 
Various soft magnetic thin films have been used as a 
"soft" backlayer in perpendicular magnetic recording sys-
tems. 1·2 These films are required to have excellent soft mag-
netic properties such as high saturation magnetization, 
small coercivity, and high permeability. It has been re-
ported by different authors3•4 that CoNbFe amorphous 
films exhibit much better properties than Permalloy and 
other soft magnetic films, such as zero magnetostriction, 
very small coercivity, very high saturation magnetization 
and permeability, good corrosion resistance, and high re-
sistivity. In this paper we report some of the magnetic 
properties of Co84Nb12Fe4 amorphous films deposited by rf 
sputtering on a toughened glass disk substrate as a "soft" 
backlayer of perpendicular recording Winchester disks. 
11. EXPERIMENTAL DETAILS 
CoNbFe films were prepared by a rf-sputtering system 
located in a class 1000 clean room. Two types of substrates 
(chemically strengthened glass disk substrates with aver-
age surface roughness R 0 of 50 A and microscope glass 
slides) were used for film depositions. The CoNbFe target 
was an 8-in.-diam high-purity Co disk on which 1 X l-
cm2 Nb pieces and 0.5X0.5-cm2 Fe pieces were uniformly 
arranged to give the desired composition. The chamber 
was evacuated to a base pressure below 2 X 10 - 7 Torr by a 
diffusion pump system equipped with a liquid-nitrogen 
trap. Argon pressure during sputtering was 3 mTorr. 
Target-to-substrate distance was 7 cm. No external mag-
netic field was applied during film deposition. The sub-
strate temperature during sputtering was measured by a 
thermocouple fixed on a glass substrate surface. 
The film composition was determined by EDAX on a 
scanning electron microscope (SEM) and film thickness 
by Talystep. The film structure was analyzed by x-ray dif-
fraction using CuKa rad ia tion (40 kV, 30 mA) and by 
electron diffraction on TEM. Magnetic properties were 
measured by transverse Kerr magneto-optic M -H loop 
plotter and inductive B-H loop plotter. The crystallization 
temperature was determined by ditferencial scanning calo-
rimetry (DSC) using a Dupont Model 910 DSC. 
Ill. RESULTS AND DISCUSSIONS 
A. Magnetic properties 
The as-deposited Co86Nb12Fe4 films exhibit a uniaxial 
anisotropy. The saturation magnetic induction is about 1.1 
T. Both the electron diffraction and the x-ray-diffraction 
analysis showed that the film structure was amorphous. A 
very thin Ti adhesion layer could be used to improve the 
adhesion between the CoNbFe film and the glass disk sub-
strate. No effect of this adhesion layer on the magnetic 
properties was observed. 
Figure 1 shows the dependence of coercivity He on the 
thickness of CoNbFe films deposited on strengthened glass 
disk substrates (R 0 = 50 A) and on microscope slide sub-
strates without Ti adhesion layer in the thickness range of 
30-13 800 A. The coercivity was measured by a transverse 
Kerr magneto-optic system for the thinner films (from 30 
to 5000 A) and by inductive B-H loop plotter for thicker 
films (from 400 to 13 800 A) . No significant difference 
between these two measurements was observed, as can be 
seen from Fig. I . The coercivity is also independent of the 
surface roughness on these two substrates, but a strong 
function of the film thickness. The value of He changes 
from 1100 A/m for 30-A.-thick films to 1.0 A/m for 
13 800-A-thick films. We also plotted (Fig. 1) the thick-
ness dependence of He of CoZr films5 and Neel's theoreti-
cal predictions6 for wall motion coercivity mechanism 
(He cc t - 413 ). The thickness dependence of coercivity 
could be divided into three regions throughout the thick-
ness range shown in Fig. I . The first region is from 15 000 
to 400 A, where the experimental coercivity of both 
CoNbFe and CoZr fi lms approximately follows the Neel 
formula. The dominant coercivity mechanism for this re-
gion could, therefore, be assumed to be the wall motion 
coercivity mechanism as predicted by Neet.5·6 The second 
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FIG. I. Thickness dependence of coercivity He and anisotropy field H* of 
Co14Nb12Fe4 films. 
region is from 400 to 100 A, where the experimental coer-
civity of both CoNbFe and CoZr films shifts from the 
t- 413 law, showing less thickness dependence. Jagielinski5 
attributed the deviation from the Neel formula to the ex-
istence of a Neel wall rather than a Bloch wall in this 
region because for Neel walls, 'the coercivity was found to 
be thickness independene and the Neel wall might be ex-
pected to occur in this thickness range according to the 
wall energy theory.6 The third region is when films are 
thinner than 100 A, where the coercivity of the CoNbFe 
films increases sharply as film thickness decreases, approx-
imately fitting the t - 413 law again. However, it might not 
be reasonable to assume the coercivity mechanism to be 
Neel's wall motion mechanism for this region because 
Bloch walls might not exist in these extremely thin films 
due to the very high wall energy. The interface effect on the 
magnetic domains might be mostly responsible for the 
sharp increase of coercivity in this region. Further studies 
are needed to understand this. 
The coercivity of CoNbFe films is always smaller than 
that of CoZr films in the whole thickness range, as shown 
in Fig. 1. This could be attributed to the nearly zero satu-
ration magnetostriction of the Co84Nb12Fe4 films due to 
the addition of the small amount of Fe. 3 
The thickness dependence of the an isotropy field H k is 
also shown in Fig. l. The value of Hk changes from 6600 
A/m for 30-A.-thick films to 1100 A/m for about lO 000-
A-thick films. The dependence of Hk on film thickness of 
thinner films is much stronger than that of thick films. No 
significant effect of the two different substrates on H" was 
observed in this study. 
Figure 2 shows the substrate bias effects on He and 
Hk of 4600-A-thick as-deposited films. The coercivity of 
the as-deposited films does not appear to be affected by 
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FIG. 2. Substrate bias effects on He and Hk of 46QO.A-thick 
eo..Nb12Fe4 films. 
substrate bias when the substrate bias is between 0 and 
- lOO V. The anisotropy field Hk shows a slight decrease 
as substrate bias increases from 0 to - ·80 V. A further 
increase of substrate bias from - 100 V results in a sharp 
increase of the coercivity ( 1200 A/m for Vb = - 160 V) 
and a slight increase of Hk· 
Figure 3 shows the sputtering power dependence of 
He and Hk of 8500-A-thick CoNbFe films. These films 
were made under different sputtering power, but the same 
thickness by controlling the deposition time. The deposi-
tion rate and the final substrate temperature under dif-
ferent sputtering power is also shown in Fig. 3. As can be 
seen, when sputtering power increases, both the deposition 
rate and substrate temperature increase. However, the 
magnetic properties are insensitive to these changes. 
B. Thermal stability 
The thermal stability was studied by differential scan-
ning calorimetry (DSC) and by thermal annealing. Sam-
ples for DSC measurements were 30 000-A-thick CoNbFe 
films peeled off from a glass disk substrate, about lO mg 
weight for each run. Figure 4 is the DSC curves of the 
CoNbFe films measured at two different heating rates, i.e., 
at 5 and 10 ·c; min. Two main exothermic peaks in each 
curve were observed, 470 and 557 ·c for the run at 5 ·c ; 
min, and 482 and 570 ·c for the run at lO ·c; min. The first 
peak was resulted from the crystallization of the film from 
amorphous to crystalline state. The second peak may be 
due to the phase change from one crystalline state to an-
other. The different peak temperature values at different 
heating rate reflect some information on the kinetics of the 
crystallization process. The thermal annealing was under-
taken by heating samples in an oven with an air atmo-
sphere from room temperature to 300, 400, 450, and 500 ·c 
and holding on each temperature for 30 min respectively. 
The samples for thermal annealing were lO 000-A-thick 
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CoNbFe films deposited on a glass disk substrate and 
coated with an 800-A-thick Si02 top layer to prevent the 
film from oxidation during annealing. The coercivity He 
and anisotropy field Hk were measured after annealing and 
results are shown in Fig. 5. From Fig. 5 we can see that the 
magnetic properties of the films are quite stable when the 
annealing temperature is below 400 ·c. A slight decrease of 
Hk after annealing could be attributed to the stress release 
by the thermal annealing process. When the annealing tem-
perature increases to 450 ·c or over, both the He and Hk 
increase sharply. These results agree very well with the 
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FIG. 4. Differencial scanning calorimetry curves of Co84 Nb12Fe4 films at 
a heating rate of 5 and 10 ·c/min, respectively. 
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DSC results, both of which suggest that crystallization pro-
cess occurs in the CoNbFe films when temperature is 
above 450 ·c. 
IV. SUMMARY 
Co84Nb12Fe4 amorphous films were deposited by rf 
sputtering onto chemically strengthened glass disk sub-
strates as a backlayer for perpendicular magnetic recording 
computer disks. Very low coercivity down to 1 A/m was 
achieved for films 10 000 A thick with a uniaxial anisot-
ropy field of 1100 A/m and saturation magnetic induction 
of 1.1 T. The coercivity and anisotropy field were studied 
over a thickness range from 30 to 15 000 A and found to be 
a strong function of film thickness. The thickness depen-
dence of coercivity follows the Nee! formula (He 
a: t - 413 ) when films are thicker than 400 A. A low sub-
strate bias during sputtering has no effect on coercivity and 
reduces Hk slightly. A high substrate bias (above - 120 
V) is detrimental to the soft magnetic properties of the 
films. The crystallization temperature of the amorphous 
films is about 450 ·c. The thermal stability of the fi lm is 
very good from room temperature to 400 ·c. 
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